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Preface 


Rear  Admiral  J.  B.  Mooney,  Jr.,  USN 
Chief  of  Naval  Research 

Oceanography  has  played  a  major  role  in  the  U.S.  Navy  since  the 
time  of  Matthew  Fontaine  Maury.  The  importance  of  this  knowledge 
in  the  deployment  of  our  armed  forces  and  the  use  of  our  weapon  systems 
is  more  critical  today  than  ever  before. 

As  a  former  Oceanographer  of  the  Navy,  I  was  responsible  for  furnish¬ 
ing  oceanographic  products  to  our  operational  forces,  and  I  needed  support 
from  strong  oceanographic  research  and  development  programs.  Now, 
as  Chief  of  Naval  Research  (CNR),  1  am  responsible  for  developing  the 
oceanographic  technical  base  necessary  to  satisfy  these  requirements. 

With  this  unique  privilege — working  with  NORDA  as  both  CNR  and 
Oceanographer  of  the  Navy— I  can  personally  attest  to  the  dedication 
and  capabilities  of  NORDA’s  people.  Many  of  NORDA’s  accom¬ 
plishments  in  ocean  and  acoustic  modeling,  instrumentation,  and  measure¬ 
ment  techniques  have  been  transitioned  to  the  Fleet.  1  applaud  this  success 
and  look  fc»-ward  to  an  exciting  future,  as  we  work  together  to  implement 
oceanographic  knowledge  and  multiply  the  capabilities  of  our  operational 
forces. 


J.  B.  Mooney,  Jr.,  Rear  Admiral,  USN 
Chief  of  Naval  Research 
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Introduction 

Captain  Roger  P.  Onorati,  USN,  Coinmanding  Officer 
Dr.  James  E.  Andrews,  Technical  Director 

This  publication  reviews  the  growth  of  NORDA 
and  presents  a  cross  section  of  NORDA ’s  products 
as  a  multidisciplinary,  full-spectrum,  ocean  science 
and  engineering  facility.  NORDA 's  research  pro¬ 
gram  has  been  designed  as  a  broad,  balanced  blend 
of  basic  and  exploratory  ocean  research,  model 
development  and  applications,  systems  concepts  and 
designs,  and  advanced  engineering  developments. 

NORDA 's  corporate  goals  are  to  advance  our 
knowledge  of  the  marine  environment,  to  apply  and 
exploit  this  knowledge  in  support  of  Navy  weapon 
systems  development,  and  to  resolve  Fleet  problems 
impacted  by  the  ocean  environment. 

The  underlying  theme  of  this  document  is  that  of  progress  throughout 
NORDA 's  relatively  short  history;  progress  displayed  by  the  continu¬ 
ing  growth  of  the  high-quality  scientific  research  staff  and  by  the  state- 
of-the-art  facilities  that  support  that  staff.  It  is  also  apparent  in  the  high 
quality  of  the  administrative  and  technical  support  staff.  The  product 
of  our  research  staff  is  exemplified  in  the  content  of  the  papers  in  the 
Review.  The  product  of  the  other  is  reflected  in  the  quality  and  polish 
of  the  physical  aspects  of  this  publication. 

These  pages  reveal  that  NORDA  has  developed  strong  programs  in 
oceanography;  ocean  remote  sensing;  ocean  modeling;  ocean  acoustics; 
mapping,  charting  and  geodesy;  and  geosciences.  Innovative  measure¬ 
ment  systems,  many  of  which  are  unique  in  the  marine  community, 
have  been  developed  by  NORDA  scientists  and  engineers  to  support 
these  programs.  These  programs  and  capabilities  are  the  result  of  a  series 
of  well-planned  investment  initiatives  and  of  the  support  provided  by 
the  Chief  of  Naval  Research  through  the  Office  of  Naval  Research  to 
implement  these  plans.  Most  importantly,  the  products  of  NORDA 
research  presented  here  reflect  the  cumulative  efforts  and  dedication 
of  all  the  individuals  who  have  been  part  of  NORDA 's  first  ten  years, 
and  set  a  standard  to  be  maintained  and  advanced  in  future  years. 
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History 


The  Origin  of  NORDA 


The  early  l%()s  constituted  a  brief  period  of  prosperi¬ 
ty  for  both  oceanography  and  Department  of  Defense 
Research  and  Development.  During  these  few  years,  the 
Vietnam  War  had  not  yet  taken  over  either  the  Defense 
budget  or  the  focus  of  national  attention.  President  Ken¬ 
nedy  had  committed  the  nation  to  winning  a  race  with 
Russia  in  space,  and  the  mood  of  the  Congress  fostered 
a  growing  respect  and  support  for  scientific  efforts.  The 
ocean  was  beginning  to  be  recognized  as  the  final  fron¬ 
tier  for  exploration  on  earth. 

During  tho.se  few  years.  Congress  authorized  the 
building  of  the  first  Navy-owned  and  operated  ships 
specifically  designed  for  oceanographic  work,  the  Navy's 
(K'ean  science  budget  more  than  doubled,  and  the  size  of 
the  Naval  Oceanographic  Office  (NAVOCEANO)  grew 
by  more  than  ^O^o. 

At  this  time  the  Navy  also  began  an  effort  to  improve 
coordination  of  its  cxean  science  programs,  both  inter¬ 
nally  and  with  those  managed  by  other  agencies.  This  ef¬ 
fort  included  the  establishment  of  the  Oceanographer  of 
the  Navy  (OCEANAV)  as  a  separate  command  in  19(i6 
to  serve  as  the  Navy's  "czar"  of  oceanography,  and  to 
direct  and  manage  the  re.sources  of  the  Naval 
Oceanographic  Program.  At  the  same  time,  the  Naval 
Research  Laboratory  (NRL)  and  its  higher  headquarters, 
the  Office  of  Naval  Research  (ONR),  were  reorganizing 
a  number  of  their  programs.  These  two  organizations  and 
NAVOCEANO  were  the  only  major  Navy  elements  with 
significant  ongoing  research  efforts  in  basic  ocean  science, 
programs  not  directly  related  to  supporting  fleet  systems 
development. 

Ebe  Assistant  Secretary  for  the  Navy  for  R&D,  ONR, 
and  NRL  initiated  plans  to  establish  on  one  campus  an 
ocean  science  center  that  would  serve  to  improve  coor¬ 
dination  amt)ng  the  various  Navy  programs.  The  plan 
grew,  eventually  involving  OCEANAV  and  NAVO 
CEANO.  and  began  to  take  shape  in  the  mid  19(i()s  as 
the  Matthew  F.  Maury  Center  for  Ocean  Science. 

NAVOCEANO's  growth  during  the  preceding  few 
years  was  beginning  to  cause  severe  space  shortages  at 
Kith  its  Suitland,  Maryland,  and  Washington  (D.C.)  Navy 
Yard  Icx'ations.  Qinversely,  the  completion  of  several  new 
buildings  at  NRL  had  made  several  older  buildings  there 
surplus  and  subject  to  demolition.  The.se  buildings  were 


chosen  as  the  site  of  the  incipient  Maury  Center  and. 
within  weeks.  NAVOCEANO  began  relocating  some  of 
its  research  and  development  people  to  this  site. 

But  now  in  the  mid-19(i()s.  the  mood  of  the  nation  was 
beginning  to  change  with  its  deepening  involvement  in 
Vietnam.  The  war's  drain  on  the  DoD  budget  and.  later, 
negative  public  reaction  to  our  national  involvement  in 
the  war,  began  to  impact  drastically  on  tbe  Navy  ocean 
science  budget  and  personnel  ceilings.  The  available  R&D 
funding  began  to  diminish;  at-sea  ship  time  was  cut  back 
and  several  of  the  new  AGS  and  AGOR  ships  were  either 
mothballed  for  long  periods  or  were  disposed  of.  Navy 
influence  in  the  overall  national  ocean  science  program 
thus  diminished. 

However,  the  rapid  growth  of  NAVOCEANO  was  now 
forcing  it  to  occupy  office  and  laboratory  space  in  parts 
of  some  10  different  buildings  at  four  different  locations 
(Suitland.  NRL.  the  Washington  Navy  Yard,  and  the  NRL 
facility  at  Chesapeake  Beach.  Maryland).  NRL,  itself  ex¬ 
periencing  renewed  growth  as  a  result  of  direct  support 
of  the  war  effort  in  some  of  its  programs,  forced  NAVO¬ 
CEANO  to  move  many  of  its  Maury  Center  people  out 
of  their  spaces. 

This  need  for  space,  together  with  the  fact  that  the  Navy 
was  the  large.st  federal  employer  in  the  D.  C.  area  (with 
over  4().(XX)  civilian  employees)  and  was  under  pressure 
from  Congress  to  decentralize  and  relocate  its  personnel 
to  other  parts  of  the  country,  pointed  toward  relocation 
of  NAVOCEANO  away  from  Washington. 

NASA's  National  Space  Technology  Laboratories, 
kxated  in  southwestern  Mississippi,  near  Bay  St.  Louis, 
was  just  one  of  the  .sites  OCEANAV  considered.  The 
others  included  Newport,  Rhode  Island;  the  Philadelphia 
Navy  Yard;  Hyattsville,  Maryland;  and  NASA's  Michoud 
site  near  New  Orleans.  But  Ix-xause  of  the  cutback  in  the 
space  program,  the  Mis.sis.sippi  facility  had  approximately 
■l'i.(XX)  square  fec“t  of  modern  (mid-l%()s)  office  and 
laboratory  space  and  about  KXf.fXX)  square  feet  of 
warehouse  space  and  other  facilities  that  were  either  va¬ 
cant  or  could  be  made  available  on  short  notice. 

Bevause  of  the  high  cost.  reUxating  just  NAV'CXZEANO 
did  not  appear  acceptable.  So.  in  February  of  197‘i. 
OCEANAV  proposed  to  the  Assistant  .Secretary  of  the 
Navy  (R&D)  a  plan  for  consolidation  of  the  Naval 


History 


Oceanographic  Program  at  NSTL.  with  a  number  of  ex 
isting  components  in  addition  to  NAVOCEANO.  These 
components  were  OIS'R  Code  480.  the  Long  Range 
Acoustic  Propagation  Projevt  (LRAPP).  the  ONR  Acoustic 
Environmental  Support  Detachment  (AESD).  ONR  Code 
102-OS,  and  six  unspecified  ocean  science  program 
managers  from  the  Navy  Systems  Commands  and  the 
Chief  of  Naval  Material. 

For  the  most  part,  these  (together  with  the  R&D  com¬ 
ponents  of  NAVOCEANO)  were  the  same  elements  ear¬ 
marked  to  compose  the  Maury  Center  back  in  the 
mid-19W)s.  But  the  Maury  Center,  although  it  had  its  own 
letterhead  stationery  and  a  sign  on  its  main  building,  never 
did  achieve  official  status  as  a  command  or  even  a  compo¬ 
nent  of  a  command.  During  its  entire  existence  (19Wi- 
1976).  it  remained  a  loose  confederation  of  co-locatcxJ 
elements  that  had  similar  interests,  hut  entirely  different 
chains  of  command. 

By  relocating  these  elements  along  with  the  the  rest 
of  the  NAVOCEANO  organization,  it  was  felt  that  the 
goals  of  the  Maury  Center  could  still  be  pursued  and  would 
stand  a  better  chance  of  being  achieved. 

The  preliminary  plan  was  approved  by  the  Assistant 
Secretary  of  the  Navy  (R&D),  and  the  following  month 
(March  T^?"))  the  Chief  of  Naval  Re.sc“arch  announced  that 
a  new  R&D  organization  would  lx‘  formed  as  a  result  of 
moving  these  elements  to  Mississippi.  Although  NAVO¬ 


CEANO  would  continue  to  report  to  OCE.\NA\'. 
NAV'OCEANO's  R&D  components  and  the  other  ONR 
and  SysCom  elements  involvcxl  would  form  the  new  R&D 
organization  and  would  repr)rt  to  the  Chief  of  Naval 
Research.  This  new  organization  would,  however,  he  co 
located  with  NAVOCEANO  at  NSTL;  together,  they 
would  form  the  basis  of  a  new  Naval  CXeanographic  Center 
of  Excellence. 

The  Chief  of  Naval  Research  appi>inted  Dr.  Ri>y  Gaul, 
the  manager  of  the  Long  Range  Propagation  Project,  to 
head  the  planning  group  to  form  the  new  organization. 
Initially.  Dr.  Gaul  informally  named  the  new  acti\ity  the 
Naval  Ocean  Research  Lihoratory  (NORL):  this  was 
changed  within  a  month  to  the  Naval  Ocean  Science  Ac 
tivity  (NOSA).  Finally,  on  June  10.  1974.  Dr.  Ciaul  and 
his  assistants  agreed  that  the  Naval  Ocean  Research  and 
Development  Activity  (NORDAl  should  he  the  name  (4 
the  new  R&D  organization. 

On  July  24.  1974.  the  Deputy  Secretary  of  Defense  an 
nounced  that  certain  elements  of  the  Navy  s 
Oceanographic  Program  would  lx-  consolidated  at  N  ASA  s 
NSTL  base  in  Mississippi.  Five  days  later,  an  OPNA\'- 
NOTICE  4140  was  issued,  establishing  NORDA  in  a 
development  status,  effective  August  4.  1974.  And.  on 
March  .41.  197().  NORDA  Ix-came  fully  operational  as 
a  field  activity  under  the  Chief  of  Naval  Research. 


Significant  Dates  in  the  History  of  NORDA 


The  essential  history  of  NORDA  is  contained  in  the  documents  of  its  research, 
development,  and  engineering  aaivities.  However,  in  the  chronology  of  NORDA 
as  an  organization,  a  number  of  specific  dates  and  milestones  are  worth  noting 
in  these  pages. 


February  1975 — Commander  B.  Matthews  is  assigned  to 
serve  as  Executive  Officer  of  the  organization-in-formation 
that  will  become  NORDA. 

December— Captain  Charles  G.  Darrell  is  assigned  as  Com¬ 
manding  Officer  of  the  new  organization. 

March  31.  1976— NORDA  is  officially  established  at 
NSTL  as  a  field  activity  of  the  Chief  of  Naval  Research. 
Dr.  Ralph  Goodman.  Associate  Director  of  Research  for 
Oceanology  at  the  Naval  Research  Laboratory,  is  named 
NORDA's  first  Technical  Director.  Commander  George 
E.  Lawniczak  is  a.ssigned  as  first  Director  of  the  Navy 
Oceanographic  Laboratory  (NOL)  at  NORDA. 

September— Commander  R.  J.  Mace  relieves  Commander 
Matthews  as  Executive  Officer. 

April  25,  1977— NORDA's  first  ADP  facility,  featuring 
a  CDC-17(K)  computer,  is  dedicated. 

June— NORDA's  first  two  reports  are  published;  The 
Geological  Environment  West  of  St.  Croix,  by  T. 
Holcomb.  A.  Einwich,  F.  Bowles,  and  J.  Egloff,  all  of  Code 
3W).  and  The  Oceanographic/Meteorological  Environ 
ment  West  of  St.  Croix  by  D.  Burns  of  Code  330. 

Julv  1— Captain  Glenn  D.  Hamilton  assumes  directorship 
of  NOL. 

September— Commander  John  D.  Hague  relieves  Com¬ 
mander  Mace  as  NORDA  Executive  Officer. 

January  3.  1979— Dr.  David  Mann,  Assistant  Secretary 
of  the  Navy  for  Research,  Engineering  and  Systems,  breaks 
ground  for  NORDA  Remote  Sensing  Laboratory  addition 
to  Building  1105.  (First  dedicated  NORDA  construction 
project.) 


July— Commander  Kenneth  G.  Hinman  relieves  Captain 
Hague  as  NORDA  Executive  Officer. 

June  15.  1980— Dr.  Louis  P.  Solomon  reports  aboard  as 
Head  of  NORDA's  Ocean  Programs  Management  Of¬ 
fice  (Code  500). 

December  8— Captain  G.  Thomas  Phelps  assumes  com¬ 
mand  of  NORDA. 

March  1.  1981— Dr.  James  E.  Andrews  assumes  Direc¬ 
torship  of  NORDA's  Ocean  Science  and  Technology 
Laboratory  (Code  300). 

April  3— Navy  Secretary  John  Lehman  and  U.S.  Senator 
John  Stennis  are  briefed  on  NORDA  during  a  tour  of 
NSTL. 

May  1 1  —Ground  is  broken  for  a  second  wing  to  Building 
1105,  dedicated  to  NORDA's  Physical  Oceanography 
Branch. 

August— Dr.  Goodman  accepts  reassignment  to  head  the 
SACLANT  ASW  Research  Centre  at  La  Spezia,  Italy. 

November— Dr.  Andrews  is  named  NORDA  Technical 
Director. 

June  1.  1982— Dr.  Herbert  Eppert  is  named  Director  of 
NORDA's  Ocean  Science  and  Technology  Laboratory. 

July— Captain  Hinman  is  reassigned  to  Naval 
Occ^anography  Command  Center— Guam;  Commander  R. 
J.  Coleman  takes  over  as  NORDA  Executive  Officer. 

August  20— Ground  is  broken  for  the  NORDA  Ocean 
Science  Center,  the  first  new  building  dcxlicatcxl  exclusively 
to  NORDA's  use. 


History 


August  1983— NORDA's  remote  sensing  capabilities  arc 
enhanced;  one  10-m  and  two  3-m  dish  antennas  are 
installed. 

January  1984— NORDA  reorganizes;  Ocean  Acoustics 
and  Technology  Directorate  is  established,  and  is  headed 
by  Dr.  William  Moseley. 

March— Ocean  Programs  Management  Office  is 
disestablished. 

July  20 — NORDA's  Magnetic  Observatory  opens. 

September  7— NORDA's  Ocean  Science  Center  (Building 
KX)"))  opens. 


September  23— Captain  Roger  P.  Onorati  relieves  Cap¬ 
tain  Phelps  as  NORDA  Commanding  Officer. 

November— Seven  members  of  the  Naval  Research  Ad¬ 
visory  Committee  (NRAC)  pay  first  visit  to  NORDA. 

July  1983  -The  Secretary  of  the  Navy  announces  that 
an  Institute  for  Naval  Oceanography  will  be  established 
at  NSTL;  Captain  Onorati  will  be  the  first 
Officer  in-Charge. 

August— Commander  Roland  Garcia  relievc's  Commander 
Coleman  as  Chief  Staff  Officer  (former  Executive  Officer 
position). 


Accomplishments 


NORDA  Major  Scientific  and  Technical 
Accomplishments  (1976-1986) 

Since  1976,  NORDA’s  efforts  in  ocean  research  and  engineering,  either  directly 
or  through  programs  it  has  sponsored,  have  resulted  in  specific  and  general  ac¬ 
complishments  that  increased  our  understanding  of  the  ocean  environment  or 
had  a  beneficial  impact  on  state-of-the-art  systems,  techniques,  and  equipment 
design,  or  on  the  Fleet,  itself.  This  listing  summarizes  some  of  NORDA 's  more 
significant  accomplishments. 


•  A  technique  to  extract  ocean  bottom  impulse  response 
from  reflectivity  data  was  established. 

•  An  improved  model  of  resonant  scattering  from  an 
individual  swimbladder  fish  was  developed. 

•  An  acoustic  model  to  estimate  the  distribution  of  fish 
school  target  strength  for  any  schooling  species  was 
developed  and  refined. 

•  An  advanced  towable,  high-frequency  acoustic 
backscatter  measurement  system  was  completed  and  field 
tested  to  measure  volume  reverberation  and  to  enable  study 
of  internal  wave  interaaion  and  mixing  processes  and  how 
they  affect  acoustic  transmission. 

•  A  new  active  sonar  forecasting  system,  SHARPS  III 
(Ship,  Helicopter  Acoustic  Range  Prediction  System),  was 
developed  by  NORDA. 

•  The  Versatile  Experimental  Kevlar  Array  Program 
(VEKA)  produced  a  family  of  instrumented  arrays  for 
various  environmental  acoustic  experiments  required  by 
the  Navy  for  a  wide  variety  of  underwater  acoustic 
experiments. 

•  A  series  of  detailed  geological/geophysical  maps  that 
describe  the  sea  floor  in  the  eastern  Caribbean  and  the 
northeast  Pacific  were  produced. 

•  Geoacoustic  models  were  derived  for  seven  Northeast 
Atlantic  sites. 

•  An  electronic  filter  (EEF)  was  developed  for  use  with 
the  ASQ-81  MAD  system  for  reducing  geological  noise 
during  ASW  operations. 

•  A  cooperative  NORDA/Canadian  Defence  Ministry 
experiment  was  conducted  off  the  coast  of  Newfoundland. 
Results  of  the  experiment  indicated  the  possibility  that 
radar  beamed  from  a  satellite  can  be  used  to  locate  ocean 
surface  currents  and  eddies. 

•  The  world  s  first  ocean  forecast  mixiel  designed  for 
operational  use  was  developed  and  delivered  to  the  Fleet 


Numerical  Oceanography  Center,  Monterey,  California. 
The  Thermodynamical  Ocean  Prediction  System  (TOPS) 
provides  real-time,  large-scale  forecasts  of  the  ther¬ 
modynamical  structure  of  the  upper  mixed  layer  of  the 
ocean. 

•  An  elearomechanical  cable  was  developed  for  diverse 
sea  applications.  The  cable  allows  for  complete  torque 
balance  and  provides  a  wide  choice  of  strength  for  a  given 
core  size. 

•  A  unique  ocean  measurement  system  that  can  mea¬ 
sure  and  analyze  the  highly  saline  brine  pumped  from  salt 
domes  was  developed  and  installed  at  the  Bryan  Mound 
salt  dome  near  Freeport,  Texas. 

•  A  portable  33-GHz  microwave  radiometer  and  source 
has  been  developed  and  is  now  “Arctic-ready." 

•  The  preliminary  concept,  design,  and  testing  phases 
for  a  new  deep  ocean  measurement  technology— the  Deep 
Towed  Array  Geophysical  System  (DTAGS)— has  been 
completed. 

•  Development  and  field  testing  of  a  buried  mine 
minehunting  system  has  begun. 

•  Three  large,  uncharted  seamounts  were  deteaed  nea^ 
Wake  Island;  linear,  seafloor-spreading  type  anomalies  were 
identified  in  the  magnetic  “quiet  zone";  and  new  regional 
anomaly  patterns  and  their  boundaries  were  mapped. 

•  Numerical  experiments  on  the  Gulf  of  Mexico  circula¬ 
tions  verified  theoretical  predictions  about  the  Loop  Cur¬ 
rent  and  its  eddy  shedding,  including  eddy  diameter,  pene¬ 
tration  into  the  Gulf  and  the  latitude  of  westward  bending. 

•  Conductivity-temperature-depth  (CTD)  processing 
software  developed  by  the  Naval  Oceanographic  Office 
has  been  streamlined  and  extensively  documented. 

•  A  major  field  experiment,  Donde  Va?,  involved  scien¬ 
tists  from  Spain,  France,  Germany,  and  the  United  States. 
The  experiment  was  conducted  near  the  Strait  of  Gibraltar. 


Accomplishments 


Analysis  of  results  revealed  previously  unknown  features 
of  the  regional  circulation,  which  have  significant  tactical 
implications  about  temporal  and  spatial  environmental 
variability. 

•  A  group  of  experiments  was  performed  to  study  the 
evolution  of  steep,  initially  two-dimensional  water  waves. 
Experiments  in  a  large  towing  tank  and  an  outdoor  basin 
revealed  rapid,  intense,  nonlinear  transitions  leading  to 
three-dimensional  wave  breakdown. 

•  Models  have  been  developed  to  improve  the  basic 
understanding  of  the  interaction  of  acoustic  energy  with 
the  ocean  boundaries. 

•  Vertical  line  array  (VLA)  performance  measurements 
were  conducted  to  support  an  experiment  in  a  bottom- 
limited  region  of  the  Northeast  Pacific.  Data  from  these 
measurements  served  as  a  testbed  for  a  maximum  entropy 
beamformer,  which  provides  beam  widths  one-seventh  as 
wide  as  those  provided  conventionally. 

•  A  new  analytical  approach  based  on  pyrolysis-mass 
spectrometry  has  been  developed.  The  instrument  analyzes 
the  organics  in  water,  sediments,  and  particles,  and  on 
surfaces  in  under  15  minutes. 

•  An  Expendable  Probes  Data  Acquisition  System 
(EPDAS)  has  been  developed  and  tested.  The  system  can 
collect  data  from  a  variety  of  expendable  sensors. 

•  The  Air/Sea  Interaction  Measurement  System  was 
developed  to  provide  a  significant  capability  for  precisely 
measuring  ocean  surface  waves  and  their  interactions  with 
surface  winds  and  subsurface  currents. 

•  A  marine  geotechnical  laboratory  was  established  to 
improve  understanding  of  the  relationships  among  sedi¬ 
ment  geotechnical  properties,  seabed  acoustic  properties, 
and  seafloor  environmental  processes. 

•  Two  deep-ocean  piezometer  probes  have  been  devel¬ 
oped  and  tested. 

•  The  Oceanographic  Instrumentation  Systems  Project 
sponsored  the  development,  evaluation,  and  implementa¬ 
tion  of  new  measurement  systems:  the  expendable  shear 
probe,  the  expendable  di.s.sipation  probe;  and  air -expendable 
sound  velocity  probe;  deep,  accurate  airborne  expendable 
bathythermographs;  digital  data  collection  systems  for  use 
on  surface  and  air  platforms;  microstructure  profilers;  and 
bathyphotometers. 

•  A  shipboard  tx'eanographic  profiling  system,  including 
sensors  and  winch,  was  developed  and  used  extensively 
to  measure  finescale  ocean  variability. 

•  For  the  fir.st  time,  a  global  distribution  of  oceanic 
shear  was  obtained  over  the  Northern  Hemisphere  in  the 
upper  layers  of  the  (xean  using  the  TOPS  mtxlel  developed 
by  NORDA  and  surface  momentum/heat  fluxes  derived 


from  a  global  weather  prediction  model. 

•  In  a  cooperative  effort  with  the  Naval  Underwater 
Systems  Center,  a  wide-angle  parabolic  equation  model 
was  developed  to  predict  acoustic  propagation  in  range- 
dependent  ocean  environments. 

•  NORDA  participated  in  a  U.S.  Navy  Black  Sea  opera¬ 
tion  to  determine  how  the  Acoustic  Performance  Predic¬ 
tion  (APP)  system  is  u.sed  in  the  field  and  to  provide 
NORDA  with  experience  in  its  operational  uses  and 
problems. 

•  The  AUTO  OCEAN  data  base  was  updated  in  the 
Southern  Hemisphere,  and  the  Retrievable  Sound  Velcxity 
Provile  (RSVP)  data  base  was  updatt*d. 

•  A  continuing  project.  Basic  Acoustic  Model  Users 
Support— BAMUS,  provides  support  to  the  ASW  com¬ 
munity  by  making  acoustic  modeling  services  available. 

•  SHARPS  III  updates  were  completed,  and  the  upgrade 
for  the  Fast  Asymptotic  Coherent  Transmission  (FACT) 
9H  model.  FACT  iOA,  was  evaluated  and  will  replace 
the  older  version. 

•  A  data  sy.stem  to  provide  altimeter -based  products 
to  the  Fleet  Numerical  Oceanography  Center  and  research 
to  refine  and  improve  the  algorithms  to  derive  oceano¬ 
graphic  parameters  from  GEOSAT  data  is  continuing. 

•  A  towed  underwater  pumping  system  (TUPS)  was 
successfully  developed  to  make  simultaneous  chemical, 
biological,  and  light  measurements  in  the  oceans. 

•  Analysis  of  clay  minerals  from  Quaternary  sediments 
of  the  eastern  Caribbean  has  Icxl  to  positive  identification 
of  the  Orinoco  River  as  a  source  area  and  development 
of  sediment  transport  models  explaining  the  spatial/tem¬ 
poral  distribution  of  Quaternary  terrigenous  sediments  in 
the  ea,stern  Caribbean. 

•  A  continuing  objective  is  to  improve  hydrographic- 
survey  operations  by  collecting  bathymetric  data  more  ac¬ 
curately  and  efficiently.  An  in-depth  analysis  was  performcxl 
for  survey  operations  and  the  need  for  a  centralized  Fault 
Lexation  System  (FLS)  was  identified.  The  FLS  will  pro 
vide  sound  boat  operators  with  immediate,  continuous 
monitoring  of  the  quality  and  operational  availability  of 
all  data  collection,  navigation,  recording,  power,  and 
environmental  equipment  in  use. 

•  NORDA  has  conducted  research  and  development 
to  support  amphibious  preassault  planning.  A  technique 
has  bc'en  developed  for  using  wave-refraction  analysis  to 
determine  nearshore  bathymetry  in  an  amphibious  objec¬ 
tive  area. 

•  A  large-scale,  complex,  user-friendly  interactive  data 
prexessing  svstem  has  been  designed  for  use  in  hydro 
graphic  information  handling.  The  software  has  already 


Accomplishments 


proved  useful  in  processing  survey  data  onboard  NAVO- 
CEANO's  hydrographic  ships. 

•  A  Remote  Work  Processing  Facility  was  designed  and 
established  at  NORDA  for  automatic  feature  extraction 
research.  NORDA  has  been  formally  recognized  as  the 
Navy's  Remote  Work  Processing  Facility  for  the  Defease 
Mapping  Agency's  tri-service  capability. 

•  An  automated  system  for  extracting  bathymetry  from 
remotely  sensed  data  was  needed.  NORE)A  tc'sted  and 
evaluated  various  image  enhancement/digital  filtering  algo 
rithms  for  use  in  improving  sterecxompilation  of 
bathymetric  images. 

•  TEie  Navy  nc*eded  a  cavitation  .source  to  advance  its 
understanding  of  ocean  parameter  influence's  on  the  genera¬ 
tion  of  cavitation  by  propellers  and  moving  hulls.  The 
Cavitating  Ocean  Profiling  System  was  developed  and  has 
been  successfully  demonstrated  at  sea. 

•  The  South  Atlantic  Geocorridor  project  has  obtained 
geomagnetic  profiles  that  extend  from  the  eastern  coast 
of  South  America  to  the  Mid-Atlantic  Ridge. 

•  A  Versatile  Experimental  Data  Acqui.sition  Buoy 
System  (VEDABS)  was  developed  to  provide  critical 
acou.stic  measurements. 

•  Maximum  Entropy  Method  (MEM)  beamforming, 
a  high-resolution  spatial  processing  technique,  has  been 
developed  to  provide  increased  resolution  and  decreased 
beamwidth  without  increa.sing  the  array  aperture. 

•  Airborne  Electromagnetic  (AEM)  bathymetry  tech¬ 
nology  from  geological  prospecting  applications  is  being 
applied  to  charting  the  depth  of  shallow  coastal  waters. 
Initial  field  testing  shows  good  agreement  with  ground 
truth  data,  but  further  improvements  in  mcxlel  inputs  and 
equipment  calibration  techniques  are  required  for  improvcxl 
re.solution. 

•  An  Airborne  Bathymetric  Survey  (ABS)  System  is 
being  developed  for  use  in  a  Navy  P-3  aircraft.  This  system 
will  address  the  significant  backlog  of  needed  surveys  in 
coastal  areas,  while  performing  those  surveys  more  quickly, 
with  higher  coverage,  and  at  less  expense  than  conventional 
techniques.  The  ABS  System  will  combine  an  active  scan¬ 
ning  laser  .sounder,  a  nine-channel  pa.ssive  multi.spectral 
scanner,  and  an  active  electromagnetic  profiler. 

•  During  a  four  year  pericxl.  NORDA  led  or  par 
ticipated  in  eight  shallow-water,  high-frequency,  acou.stic 
bottom  scattering  experiments. 

•  An  operational  Arctic  Sea  Ice  Forecast  Model  was 
developed  and  delivered  to  the  Fleet  Numerical  Oceanog 
raphy  Center.  The  model  forecasts  ice  veltKity,  thickness, 
and  compactness,  as  well  as  areas  of  convergence  and 
divergence. 


•  Fleet  Interaction:  NORDA  has  been  intensely  in- 
volvc'd  in  providing  direct  technical  environmental  sup¬ 
port  to  Fleet  operational  commands. 

•  A  vertical  line  array  DIFAR  acoustic  prc'diction  model 
was  installed  in  the  computer  at  Fleet  Numerical 
Oceanography  Center  for  daily  use  in  Fleet  broadcasts  to 
predict  the  performance  of  the  Fleet  operational  system. 

•  NORDA  carried  out  data  collection,  analysis,  and 
mtxleling  as  the  lead  U.S.  participant  in  a  two-part  NATO 
Military  Oceanography  operation  in  a  closed  basin. 

•  A  seasonal  St*cchi  depth  atlas  documenting  water  clari¬ 
ty  has  been  developed  for  the  world's  coastlines. 

•  NORDA  has  constructed  a  remotely  located 
Magnetic  Observatory  to  conduct  measurements  of  the 
ambient  magnetic  field  in  a  magnetically  quiet  environ¬ 
ment,  as  well  as  other  such  magnetic  phenomena  as  telluric 
potentials  and  low-frequency  seismic  vibrations  in  support 
of  Navy  mapping,  charting,  and  geodesy  requirements. 

•  An  upgraded  Thematic  Mapper  Scanner  is  being 
developed  for  use  in  the  Airborne  Bathymetric  Survey 
(ABS)  System.  This  multispectral  scanner  splits  the  blue 
and  green  bands  to  provide  more  accurate  bathymetric 
information  in  the  penetrating  bands. 

•  Monte  Carlo  models  have  been  developed  to  enable 
direct  simulation  of  the  laser  volume  backscatter  radiance 
at  off-axis  detectors. 

•  A  study  was  conducted  to  determine  map  and  chart 
symbolization  improvements  that  could  be  made  available 
by  computerized  production  methods.  A  1 : 1  ,(KX).(XX)  ex¬ 
perimental  map  featuring  illuminated  contours  and  other 
special  symboliz.ations  was  designed.  Proof  copies  are  be¬ 
ing  produced  for  evaluation, 

•  An  opportunity  to  conduct  two  SWATHMAP 
surveys  in  the  Red  Sea  and  Gulf  of  Aden  aboard  the  USS 
JOHN  HANCOCK  was  exploited.  The  data  acquired  on 
these  crui.ses  demon.strate  the  validity  of  regional 
geoacoustic  (backscatter)  mapping  using  SQS  or  similar 
sonar  systems. 

•  The  WESTPAC  jura.ssic  “Quiet  Zone  "  study  has 
been  completed.  Low-altitude  aeromagnetic  survey  data 
were  u.sed  to  map  sc'quences  of  linear  magnetic  anomalies 
in  a  region  of  subdued  magnetic  morphology  east  of  the 
Mariana-Izu  trench  system.  The  anomalies  are  interpreted 
to  be  of  the  seafloor  spreading  variety  and  have  bc'en  used 
to  derive  a  new  gi-omagnetic  reversal  time  scale  for  the 
Jurassic. 

•  The  Marine  Seismic  System  (MSS)  jirojcvt  succes.sfully 
completed  a  SVV  Pacific  operational  deployment  in  a  water 
depth  of  18.6(X)  ft. 


NORDA  is  located  on  the  grounds  of  NASA's  National  Space  Technology  Laboratories,  which  is  situated  about 
25  miles  from  the  Mississippi  Gulf  Coast  and  45  miles  from  New  Orleans,  Louisiana.  Our  facilities  consist  of  admini.strative 
and  support  offices,  laboratories,  specialized  work  areas,  and  storage  facilities.  Selected  articles  on  several  of  our  facilities 
and  systems  are  included  here. 


NORDA 's  first  dedicated  building,  the  Ocean  Science  Center,  was  officially  open  for  business  17  August  198  i,  The 
Command's  senior  management  staff  and  the  Ocean  Acoustics.  Ocean  Technology,  and  Seafltwr  Geosciences  Divisions 
are  located  here. 


NORDA  Facilities 


Some  of  NORDA’s  personnel  share  space  with  other  government  agencies  and  contractors  in  NSTL's  main  ad 
ministration  building. 


This  building  houses  NORDA's  Oceanography  Division  and  Ocean  Sensing  and  Prediction  Division  (x-rsonnel.  Although 
space  is  shared  with  contractor  personnel,  this  laboratory  has  two  NORDA  dedicated  wings. 


NORDA  Facilities 


NORDA’s  data  collection  platforms  range  from  a  fleet  of  dedicated  N'avy  ships  and  aircraft  to  a  variety  of  satellites. 
Occasionally,  research  vessels  belonging  to  contractors  or  cooperating  academic  institutions  are  used. 

The  equipment  available  'o  NORDA  researchers  is  cither  developed  for  a  particular  purpose  or  is  drawn  from  the 
most  current  technology.  Examples  of  state-of-the-art  equipment  include  a  scanning  electron  microscope,  an  X-ray  dif¬ 
fractometer,  several  computer  facilities,  an  updated  Interactive  Digital  Satellite  Processing  System,  a  Satellite  Data  Receiving 
and  Processing  System,  a  GEOSAT  Oceanographic  Applications  Program  facility,  and  a  wave-making  facility.  Some 
of  the  equipment  that  has  been  developed  by  NORDA  scientists  and  technicians  includes  a  Deep  Towed  Array  Geophysical 
System  and  a  variety  of  other  fabricated  underwater  sensors  and  acoustic  arrays,  ocean-going  towers,  various  types 
of  software,  a  portable  field  microwave  radiometer  and  source  (passive  radiometer  or  active  radar)  for  ground  use,  an 
Arctic  survival  kit  to  protect  two  people  for  approximately  one  week,  and  a  navigation  and  communications  package 
for  use  on  floating  sea-ice  camps. 

The  printed  circuit  board  prototyping  facility  consists  of  printed  circuit  artwork  layout,  photographic,  and  etchant 
equipment  for  the  design  and  manufacture  of  single-  or  double-sided  copper  foil  printed  circuit  boards.  This  facility 
provides  NORDA  with  an  in-house  capability  for  rapid  implementation  and  testing  of  electronic  circuits  used  in  specialized 
research  instrumentation  sy.stems.  In  addition,  this  facility  can  be  used  to  color-etch  aluminum  front  panels  for  elec¬ 
tronic  equipment.  This  color  etching  capability  permits  color  coding  of  operator  control  panels  for  clearer  understand¬ 
ing  of  functional  meaning. 

The  secondary  standards  control  room  provides  a  highly  controlled  temperature  and  humidity  environment  for  the 
stabilization  of  secondary  standards  (or  calibration  checking  of  general  purpose  electronic  test  equipment.  Temperature 
of  the  room  is  maintained  within  one  degree  Celsius  and  five  percent  relative  humidity.  The  secondary  standards  within 
this  facility  are  traceable  to  the  National  Bureau  of  Standards. 

The  acou.stic  tower  test  bed  facihty  consists  of  two  .^S-foot  tall  towers  attached  to  catamaran  hulls  so  that  each  tower 
can  be  towed  to  an  offshore  test  site  and  sunk  to  the  sea  floor.  These  towers  provide  submerged  mounting  platforms 
for  a  wide  variety  of  acoustic  projector  and  receiving  arrays.  The  pointing  direction  of  mounted  devices  can  be  in¬ 
dependently  controlled  in  roll,  pitch,  and  azimuth  so  that  direct  path  or  indirect  path  propagation  can  be  investigated. 
On-board  electronic  systems  provide  for  control  and  acquisition  of  data.  The  towers  can  be  individually  positioned  and 
subsequently  controlled  by  a  single  surface  ship,  which  makes  using  the  testbed  facility  more  cost  attractive. 
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Remote  Work  Processing  Facility 

R.  Kent  Clark 

Mapping,  Charting,  and  Geodesy  Division 


Introduction 

Extracting  cartographic  and  feature  information  from 
a  variety  of  source  imagery  is  a  continuing  requirement 
for  the  Defense  Mapping  Agency  (DMA)  and  the  military 
services.  An  active  area  of  research  is  the  development 
of  automatic  and  computer-aided  interactive  feature  ex¬ 
traction  techniques.  The  Remote  Work  Processing  Facility 
(RWPF)  is  an  integrated  hardware-software  computer 
system  that  .serves  as  a  testbed  for  research  into  automatic 
feature  extraction. 

The  RWPF  was  originally  named  the  Automatic  Feature 
Extraction  System.  When  the  system  became  operational 
in  1976,  it  used  the  most  advanced  minicomputers  and 
off-the-shelf  hardware,  including  a  PDP  11/70  minicom¬ 
puter  and  DeAnza  1P5S0()  image  prcxessor.  Since  that 
time,  .sen.sor  technology  advances  dictatt*d  a  need  for  large- 
format  imagery  that  far  exceeded  the  memory  limitations 
of  the  PDP  1 1/70.  Tile  advent  of  virtual  memory  architec¬ 
tures,  along  with  advances  in  image  processing  systems, 
has  made  extremely  large  images  feasible.  The  RWPF  has 
been  upgraded  to  incorporate  the  latest  hardware  and  to 
allow  the  use  of  many  more  image  types  and  sources. 

As  part  of  the  upgrading  process,  DMA  has  developed 
a  tri-service  capability  with  an  RWPF  at  each  of  the  three 
service  laboratories.  NORDA  hou.ses  the  Navy's  RWl  " 
Each  RWPF  contains  a  compatible  set  of  haroware  (Down., 
et  al.,  1984)  and  software  (PAR  Upgrade  Team,  1985) 
to  make  use  of  common  software  and  communications 
among  researchers  much  easier. 

Discussion 

RWPF  Hardware 

The  current  NORDA  configuration  of  the  RWPF  (Fig. 
1)  consists  of  a  VAX  11/780,  an  IP85(K)  image  prcKes-sor. 
an  FPS  5205  array  pnxessor.  and  a  Grinnell  display 
.system.  The  VAX  1 1/785  pr(Kes.sor  will  allow  large  image 
input,  tessellation,  viewing,  roaming,  interactive  image 
processing,  and  automatic  prexessing.  It  alse)  handles  the 
software  and  project  maintenance  duties.  The  Gould 


1P85(K)  image  prcxressing  system  handles  the  image  display 
and  manipulation  chores,  and  the  Grinnell  display  system 
is  provided  to  ensure  compatibility  with  the  Defense  Ad¬ 
vanced  Research  Projects  Agency's  image-understanding 
testbed.  An  upgrade  of  the  1P8500.  additional  di.sk  drives, 
and  the  symbolics  processor  are  being  procured. 

The  VAX  11/780  superminicomputer  has  become  a 
standard  for  scientific  computing.  Its  lower  price  has  made 
it  available  to  a  wide  variety  of  university,  government, 
and  private  laboratories  throughout  the  country,  and  its 
virtual  memory  archittxture  and  speed  make  it  a  useful 
tcx)l  for  medium  to  heavyxluty  computing.  The  NORDA 
RWPF  VAX  has  10  megabytes  of  physical  memory  (with 
up  to  four  gigabytes  of  virtual  memory)  and  a  floating 
point  accelerator.  A  massbus  adapter  interfaces  the  high- 
density  tape  drive  and  two  unibus  adapters  connect  the 
other  peripherals. 

The  Floating  Point  Systems  5205  array  processor  pro¬ 
vides  very  high  speed  computations  (up  to  12  million 
floating  point  operations  per  second)  for  compute  bound 
programs.  This  .58  bit  prcxessor  interfaces  to  the  VAX 
via  the  Unibus.  It  has  256  kilowords  of  memory  available 
for  use.  Because  the  large  image  arrays  must  undergo 
heavy  manipulation,  these  device's  have  found  a  wide  ac¬ 
ceptance  in  image  prexessing  laboratories. 

The  Gould  DeAnzii  1P85()()  is  a  state-of-the-art.  pro¬ 
grammable.  image  display  syste-m  that  performs  such  func 
tions  as  image  data  capture,  image  enhance'ment.  and  im 
age  analysis.  The  system  ceintains  RAM  memory  to  store 
images.  Icxik  up  table's  for  false'  coloring,  and  specialized 
hardware  prexessors.  Typical  applications  include  me'dical 
imagery,  animation  software  and  spexial  effexts.  and  re'mote 
sen.sing.  The  1P85(K)  is  interfaced  with  the  VAX  via 
Unibus  and  drives  an  RGB  (red-grexm-blue)  color  monitor 
for  image  display.  Currently,  the  NORDA  1P85(X)  has 
10  megabytes  of  memory  for  image  storage  and  is  capable 
of  driving  a  512  x  512  pixel  monitor  or  102  )  x  1024  pixel 
liigh-resolution  monitor. 

A  LISP  prcxe.ssor  is  being  procured  for  the  NORDA 
RWPF.  (A  Symbolics  3670  has  bexn  installed  at  the  DMA 
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RWPF.)  This  machine  has  been  specilicallv  designed  Id 
efficiently  run  pro^trams  written  in  the  LISP  pro>>rammin)j 
language.  It  will  lx“  interfaced  with  the  VAX  via  Hthernet. 
This  machine  will  be  used  for  symbolic  manipulation  and 
artificial  intelligence  image  understanding  research.  This 
prcK'es,sor  will  be  a  valuable  tool  in  the  NORDA  RWPF. 

RWPF  software 

A  large  set  of  integrated  software  has  been  developed 
for  the  RWPF  for  feature  e.xtraction  and  general  image 
processing.  Many  image  processing  primitives,  such  as 
edge  detectors,  statistical  classifiers,  filters,  and  multiband 
processors,  are  available  and  can  be  linked  to  perform 
specific  operator-controlled  functions.  Software  is  .ivailabU- 
for  irruige  restoration  and  manipulation.  symlKilic  matching 
for  .stereo  compilation,  symbolic  change  detectiim.  .ind 
stereo  cross  correlation.  An  interactive  aid  tor  knowledge 
engineering  is  available  to  help  construct  knowledge  Ivises 
for  expert  systems. 

The  software  on  the  RWPF  was  designed  to  su|->pori 
a  multiuser  environment  and.  bectuise  the  RWPF  was 
meant  to  exist  i  i  a  re.search  anti  development  arena,  be 
ea.sily  mtxlified  and  modular.  Also,  the  software  was  signed 
to  tx‘  independent  of  image  source  so  that  the  RWPF'  coukl 
exploit  the  varituis  itresen^  and  future  im.ige 
sources. 

The  \'AX  1  L'"’SO  runs  under  the  1.2  Merkeley  Solt 
ware  Distribution  of  UNIX  (UNIX  l.Jbsdf.  which  is  witle 
ly  used  by  other  image  pnxessing  and  imagt  underst, Hiding 
laboratories.  This  is  .i  virtual  memory  operating  system 
that  offers  several  facilities  not  av  ailable  under  other  UNl.X 
systems. 

Job  control  facilities  let  the  user  run  jobs  m  toregrouml 
or  background  and  even  move  running  jobs  trom  onv  st.ite 
to  the  other.  historv  meihanism  revords  prev  iouslv  exe 
lilted  commands,  which  the  user  can  easily  modify  and  or 
reexecute. 

Progr.imming  languages  supported  In  IINIX  i.Jbsd  m 
dude  LISP.  U.  FORTRAN^''.  Pascal,  and  API,.  Fhere 
is  a  lull  screen  text  editor,  vi.  as  well  as  text  formatters, 
troll  and  nrott  Finally,  the  relational  data  base  man.ige 
merit  system.  l.NUiRFiS.  is  .ivailable  to  the  user  -ommuniiy . 

Oni‘  major  pieie  of  software  in  the  RV  the  Sym 
bolii  M.itching  tor  ,\utomatic  Stereo  Coi  don  (SM,\S(h 
iB.iiieii  nd  Kinn.  I'fSV.  The  major  problem  in  extract 
ing  thill  dinii  usion.il  intorm.ition  trom  stereo  imagerv 


is  lix'ating  match  points  in  the  stereo  pairs.  S.M.ASCi  uses 
probabilistic  interencing  to  mate  h  objects  n  presente  1  sy  ni 
bolically  from  two  stereo  images. 

A  secoiid  major  piece  of  software  is  a  program  called 
Automatic  Symbolic  ('hange  Detection  i.ASCDi  (Kinn  el 
ah.  19S3).  ASCD  is  a  knowledge  based  svstem  that  com 
pares  features  of  interest  in  a  reference  data  set  with  those 
in  a  mission  data  set.  Output  is  the  identification  of  the 
regions  of  change.  ASCD  first  finds  all  features  in  the 
referimce  svmbolic  data  file.  This  information  is  used  to 
compile  a  list  I’f  features  to  look  for  in  the  mission  image. 
The  mission  image  is  segmented  and  a  mission  symbolics 
data  file  is  lormecl.  Then,  for  each  region  in  the  reference 
svmbolic  data  tile,  search  areas  in  the  mission  image  are 
scanned  and  a  determination  of  whether  or  not  signifi 
cvint  change  has  occurri'd  is  mack-  from  a  rule  base,  .A 
change  probabilitv  is  assigned  to  each  grid  cell  of  the  mis 
Sion  image. 

Summary 

The  NORDA  RWPF.  operating  in  a  resi-arch  and  devcT 
opment  environment,  provides  a  useful  lacility  tor  research 
in  automatic  feature  extraction.  Ihe  system  will  Ix'  able  to 
support  n-seari  h  in  various  ocean  sc  ience  areas.  Further 
mores  bixause  NORD.A  has  scientists  with  expertise  in  a 
wide  range  ol  ocean  science  fields,  develcipment  ol  feature 
extraction  and  im.ige  proci’ssing  technic)ues  will  be  rapid. 
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Magnetic  Observatory 

Kimo  Smits  and  F.  Slade  Barker 
Mappin>>,  Charting;,  and  Geodesy  Division 


Conducting  magnetic  measurements  of  the  ambient 
earth  magnetic  field  with  state-of-the-art  superconducting 
quantum  interference  device  (SQUID)  gradiometers/ 
magnetometers  must  be  done  in  a  magnetically  quiet  en 
vironment.  To  provide  this  ideal  environment.  NORDA 
constructed  a  magnetic  observatory  at  an  isolated  loca¬ 
tion  at  NSTL. 

Both  the  isolated  location  of  the  building  and  its  wooden 
superstructure  contribute  to  the  magnetically  quiet  en 
vironment  necessary  to  conduct  these  magnetic  measure¬ 
ments.  Additional  phenomena,  such  as  telluric  potentials 
and  low-frequency  seismic  vibration  measurements,  will 
also  be  investigated  at  the  observatory  site.  These  measure¬ 
ments  are  conducted  to  support  Navy  mapping,  charting, 
and  geodesy  requirements,  ba.sic  research  needs,  and  Fleet 
requirements. 

This  research  facility  can  al.so  support  airborne  elec¬ 
tromagnetic  bathymetry  measurement  research.  In  addi 
tion.  specialii'.ed  environmental  data  are  being  developed 
at  this  facility  to  support  fleet  antisubmarine  warfare, 
magnetic  anomaly  detection,  and  related  sensor  and 
weapons  systems. 

At  present,  the  largest  research  effort  at  the  observatory 
is  the  study  of  geomagnetic  variability  and  its  asseKiated 
induced  geoelectrical  fields.  These  activities  are  the  single 
largest  noise  source  that  affects  naval  extremely  low- 
frequcncy  (ELF)  sensor  systems  and  weapons  support 
systems,  such  as  the  Magnetic  Anomaly  Detector  (MAD). 

NORDA  is  the  only  Navy  laboratory  with  a  dedicated 
program  at  the  basic  research  level  addressing  ELF 
magnetic  signals  in  and  through  the  txean  environment. 
In  FY83.  a  research  program  in  gcoclectric/geomagnetic 
variability  was  initiated  to  address  all  ELF  magnetic  signals 
in  and  near  the  exrean  environment.  The  program  includes 
theoretical  studies  and  a  comprehensive  and  detailed 
measurement  program. 

Various  parts  of  the  ob.served  magnetic  variation  must 
be  separated  and  identified  to  study  ELF  magnetic  and 
electric  signals  in  and  near  the  ocean  environment.  A 
measurement  program  has  been  carefully  planned  to  op 


timi/e  separating  and  identifying  various  source  signals. 
The  program  requires  precision  base  measurements  to  be 
made  and  compared  with  various  precision  remote  sta 
tion  measurements,  which  will  consist  of  both  land  and 
sea  measurements.  The  land  remote  station  measurements 
will  include  both  shore  and  inland  domains;  the  sea 
measurements  will  include  both  surface  and  in  situ 
measurements. 

Figure  1  is  the  operational  configuration  of  the  total 
instrument  suite  at  the  observatory.  Each  instrument  in 
the  suite  is  used  to  help  isolate  and  classify  the  sources 
of  geomagnetic  and  geoelectric  variability. 

The  heart  of  the  observatory  instrument  suite  is  the 
Superconducting  Quantum  Interference  IXwices  (SQUID). 
It  consists  of  two  S.H.E.  vectors.  SQUID  magnetometers, 
and  a  Sperry  SQUID  Gradiometer/Magnetometer  System 
(SGMS),  The  SQUID  vc“ctor  magnetometer  has  better  vec¬ 
tor  resolution  than  the  SGMS.  but  is  difficult  to  set  up 
in  a  gradiometer  configuration  with  the  same  resolution 
as  the  SGMS.  All  SQUIDs  are  susceptible  to  the  phase- 
lock  loss  in  an  intease  radio-frequency  environment  or 
during  heavy  thunderstorms.  To  counter  this  loss  of 
baseline  reference,  each  SQUID  is  coupled  with  a  flux- 
gate  instrument.  Abstdute  scalar  standards  are  maintained 
by  cesium  and  rubidium  vapor  quantum  magnetometers. 
Thc*se  two  magnetometers  are  separated  by  a  long  baseline; 
one  end  is  remote  to  all  local  traffic,  the  other  is  close 
to  the  observatory  access  road.  This  configuration  allows 
them  to  act  as  a  long  baseline  gradiometer  for  measuring 
Uxal  traffic.  The  inductions  loop  antennas,  which  were 
obtained  from  the  U.S.  Geological  Survey  (USGS).  are  as 
sensitive  as  the  SQUID  magnetometer  at  frequencies  above 
1  Hz.  These  instruments  arc  used  to  measure  the  noise 
ass(Kiatt*d  with  the  air  conditioner,  water  pump,  and  other 
such  equipment.  The  telluric  current  systems  allow 
magneto-telluric  sounding  of  the  observatory  area,  which 
results  in  a  conductivity  profile  of  the  area.  Conductivity 
fluctuations  are  a  measure  of  the  influence  of  ground  water 
intrusion,  which  will  affect  the  correlation  of  the  observa- 
torv  measurements  with  the  remote  station  measurements. 
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The  observatory  instrument  suite  will  he  euntrolleJ  hv 
a  sinj’le  processor  system,  The  remtue  station  suite  will 
consi.st  of  a  cesium  vapor  scalar  maynetotiieter,  a  Ilux 
gate  vector  magnettimeter.  a  telluric  current  systetii,  and 
an  SGMS.  The  remote  instrument  will  use  \  ariations  ot 
this  basic  scheme,  depending  upon  the  liKation.  I  his  suite 
will  also  be  controlled  by  a  single  iirocessor  svstem. 

Initial  test  for  itK'al  coherence  has  been  performed  using 
the  remote  processor  at  the  observatory.  Ihe  test  used 
both  scalar  and  vector  magnetometers  and  a  telluric  cur 
rent  system.  The  sensor  separation  tor  both  the  scalar  pair 
and  the  vector  pair  ot  magnetometers  was  approximatelv 
S(K)  ft.  Coherente  of  the  magnet  it  signal  between  the  two 
sensors  was  established  to  “i  x  10  ’  n  1  belovt  111/.  The 
I  f  I/,  limit  was  imposed  by  a  sampling  frequent  y  of  2  1 1/. 
The  confinement  of  the  mit rojnilsatioti  signals  to  the 


hori/ontal  plant'  is  inilitative  ot  .i  tmiform  hori/omal  sheet 
current  flow  in  the  geology.  The  loherence  transfortn  tunc 
tion  consistetl  ol  a  simplf  itlentitv  matrix  over  the  area 
testeil.  Ag.ttn.  this  is  iiitluatite  ot  a  ileep  sedimentarv 
geology  .ind  coiitirnis  tht-  .ipproiMi.iteness  ot  the  site  lor 
magnetic  obsertation. 

The  appropriateness  ot  tht-  site,  coupltxl  with  the  capabili 
tv  ol  m.iking  [iret  iso  m.ignetit  me.isuremenis  ,ind  storing 
the  data  in  a  digital  ttirm.it.  m.ikes  the  observatory  an  ideal 
complement  to  the  L  Stib  obsersatory  network.  Data  sup 
I'lied  to  the  Nation.il  (Xe.inographic  Data  (ienter  and  used 
tor  modeling  setul.ir  x.iri.ition  will  bt,'  .i  subset  ol  the  data 
collected  lor  the  geoeleitnc  geotn.ignetic  v.iriability  pro 
gram.  These  d.it.i  will  ,iid  in  t onstructing  Unh  the  L'.S.  \  ar- 
i.ition  t  h.irts  published  b\  the  L’SCiS  ,ind  the  w  orld  \  aria 
tion  ih.irts  jHiblished  In  the  N.n.il  ( Xe.inogr.ipliK  Ottice. 
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Satellite  Data  Receiving  and  Processing  System  ! 

I 

B.  Edward  Arthur,  Jr.  i 

Ocean  Sensing  and  Prediction  Division  | 


A  basic  tool  required  in  using  satellite  data  for  ocean 
research  is  access  to  near  real-time  digital  satellite  data 
and  the  capability  to  computer  manipulate  these  data.  This 
capability  was  realized  when  a  Satellite  Data  Receiving  and 
Processing  System  (SDRPS)  was  developed  and  installed. 
This  system,  now  in  routine  operation,  can  provide  oceano¬ 
graphic  research  programs  with  real-time  digital  satellite 
imagery  in  the  form  listed  in  Table  1 .  Ninety-day  archival 
of  satellite/oceanographic  data  is  being  maintained. 

Main  data  sources  are  the  TIROS/National  Oceanic  and 
Atmospheric  Administration  (NOAA)  polar-orbiting  series 
of  satellites  (currently  NOAA-6,  -8  and  -9)  and  the  Defense 
Meteorological  Satellite  Program  (DMSP)  satellites  (cur¬ 
rently  F-6  and  -7).  These  satellites  provide  high-resolution 
visible  and  infrared  digital  scanner  data.  Data  from  the 
Geostationary  Operational  Environmental  Satellites  (GOES- 
E  [East])  and  GOES-W  [West])  are  also  collected.  These 
data  provide  research  oceanographers  with  synoptic  views 
of  large  Atlantic  and  Pacific  Ocean  regions  every  30 
minutes  with  their  visible  and  infrared  sensors. 

Four  elements  comprise  the  radio-frequency  (RF)  portion 
of  SDRPS.  The  elements  are  used  to  acquire  GOES- 
stretched  visible  infrared  spin  scan  radiometer  (VISSR) 
transmissions,  direct  readout  TIROS  high  resolution  pic¬ 
ture  transmission  (HRPT)  real-time  data  transmissions, 
recorded  global  TIROS  transmissions,  and  Station  WWV 
(Colorado)  timing  information. 

Two  independent  GOES  antenna  systems  are  used  in 
SDRPS.  One  is  specifically  dedicated  to  receive  GOES-E 
Mode  A  stretched  VISSR  transmissions,  and  the  other 
is  similarly  dedicated  for  GOES-W  Mode  A  stretched 
VISSR  transmissions.  At  present,  only  one  GOES  is  opera¬ 
tional  and  data  is  received  from  GOES-W  (GOES-6)  via 
the  GOES-E  relay  transmission.  Each  GOES  antenna  is 
configured  with  a  5-m  reflector,  a  limited  motion  azimuth 
over  elevation  mount,  prime  focus  feed  (linear  dipole  and 
preamplifier),  and  downconverter.  Since  only  one  GOES- 
stretched  VISSR  downlink  is  supported  at  any  one  time, 
a  load  transfer  switch  is  used  to  select  and  provide  a  down- 
converted  signal  from  only  one  of  the  two  antennas.  Signals 


itput  from  the  RF  switch  are  amplified  by  a  wide  band 
amplifier  by  approximately  30  dB  and  applied  to  the  input 
of  the  PSK  (Phase  Shift  Keying)  demodulator.  The  GOES 
PSK -encoded  signal  is  then  demodulated  to  produce  an 
NRZ  PCM  (Nonreturn  to  zero.  Pulse  Code  Modulation) 
stream  compatible  with  the  front-end  signal  processing 
electronics  subsystem. 

Direct  readout  TIROS  HRPT  and  Defense  Meteoro¬ 
logical  Satellite  Program  (DMSP)  RTD  transmissions  are 
acquired  via  a  Datron  Metrak-8  tracking  antenna.  The 
antenna  was  modified  with  a  dual  feed  to  handle  both  the 
L-  and  S-band  transmissions.  In  addition  to  the  tracking 
mount,  an  antenna  control  unit  (ACU)  facilitates  automatic 
tracking  of  the  polar-orbiting  spacecraft  from  their  AOS 
(acquisition  of  signal)  to  LOS  (loss  of  signal)  points  at  or 
near  the  horizons.  The  ACU  operates  in  either  an  auto¬ 
track  mode  or  a  programmed  track  mode.  The  latter  is 
accomplished  via  an  RS-232C  link  to  the  computer  system 
to  enable  azimuth  and  elevation  commands  to  be  sent  to 
the  ACU  and,  hence,  control  the  antenna  tracking  in  the 
event  of  a  failure  of  the  auto-track  mode.  A  receiver  that 
contains  four  crystals  is  used  to  select  one  of  the  four  fre¬ 
quencies  broadcast  by  the  two  TIROS/  NOAA  and  two 
DMSP  spacecraft  in  operation.  NRZ  PCM  signals  are  then 
applied  to  the  digital  signal  processing  hardware  for  signal 
conditioning  and  bit/frame  synchronization.  Since  all 
DMSP  RTD  transmissions  are  encrypted,  a  decryption 
device  is  used  to  decrypt  these  signals  after  bit  synchroniza¬ 
tion  and  before  frame  synchronization. 

Global  TIROS  AVHRR  coverage  is  provided  by  means 
of  a  receive-only,  nonredundant  earth  station.  This  earth 
station  is  capable  of  receiving  LAC/GAC/HRPT  retrans¬ 
missions  played  back  by  either  the  NESDIS  Wallops  Island, 
Virginia,  or  Gilmore  Creek,  Alaska,  Command  and  Data 
Acquisition  Stations.  The  earth  station  uses  a  10-m  reflec¬ 
tor  with  a  Cassegrain  feed  assembly  to  receive  nominal 
4-GHz  C-band  downlink  transmissions  from  RCA's  SAT- 
COM  HR.  Down-conversion  to  a  nominal  52-88  MHz 
IF  is  handled  by  a  nonredundant  downconverter.  The 
down-converted  signals  are  demodulated  and  descrambled. 
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the  convolutional  encoding  is  removed,  and  a  bit 
synchronized  TTL  level  signal  is  provided  to  the  front-end 
signal  processing  hardware.  Since  only  one  frame  syn¬ 
chronizer  exists  to  handle  both  the  TIROS  direct  readout 
HRPT  and  earth  station  .signals,  only  one  of  the.se  two 
inputs  should  be  active  at  a  time.  In  addition,  the  two 
NESDIS  CDA's  broadcast  the  recorded  TIROS  and 
AVHRR  data  on  different  IF  frequency  a.ssignments.  Al¬ 
though  the  wideband  modem  is  capable  of  demodulating/ 
decoding  either  of  the  CDA  transmissions,  by  means  of 
two  oscillator  cards,  only  one  card  may  be  used  in  the 
modem  at  any  one  time.  Hence,  in  the  current  system 
configuration,  manual  switching  is  required  to  receive  a 
particular  CDA  transmission. 

The  last  RF  component  is  the  WWV  antenna  sy.stem. 
It  is  u.sed  to  capture  WWV  timing  signals  to  accurately 
time-stamp  DMSP  RTD  data  frames  and  to  provide  an 
accurate  clock  for  all  SDRPS  time-critical  computer  proc¬ 
essing  (e.g.,  scheduled  acquisition  setup,  antenna  track¬ 
ing).  A  26-ft  fiberglass  whip  antenna  is  used  to  receive 
the  WWV  signals.  A  receiver  inputs  the  selected  5,  10, 
or  15  MHz  WWV  signals  and  provides  ticks  out  at  a  Tsec 
rate  to  a  time  code  generator/translator,  where  the  time 
is  displayed  and  subsequently  provided  as  input  to  the  front- 
end  signal  processing  hardware  and  computer  interface. 

The  front-end  digital  signal  processing  electronics  in 
SDRSPS  are  comprised  of  bit  and  frame  synchronizers 
unique  to  each  satellite  input  stream.  Bit  synchronizers 
are  provided  with  demodulated  NRZ  PCM  data  and  out¬ 
put  serial  clock  and  data  signals  to  the  appropriate  frame 
synchronizer.  Satellite  frame  sync  pattern  identification 
and  serial-to-parallel  conver.sion  of  the  data  streams  are 
performed  by  the  frame  synchronizer.  The  parallel  data 
words  from  each  frame  are  then  presented  to  the  SDRPS 
computer  via  EMR  732  interface  cards. 

The  GOES-stretched  VISSR  stream  output  by  the  PSK 
demodulator  is  pre.sented  to  two  bit  synchronizers— one 
for  the  infrared  data  rate  (524  Kbps)  and  the  other  for 
the  visible  data  rate  (1.747  Mbps).  Since  the  infrared  and 
visible  data  are  interleaved  in  the  stretched  VISSR  transmis¬ 
sion,  the  two  bit  synchronizers  are  never  active  at  the 
same  time.  The  serial  NRZ-L  clock  and  data  signals  are 
then  applied  to  the  GOES  frame  synchronizer,  which  in¬ 
cludes  a  hardware  sectorizing  unit.  The  frame  synchronizer 
first  performs  a  correlation  of  and  subsequently  removes 
the  pseudo  noise  (PN)  sequence,  which  precedes  the  VISSR 
data  and  then  outputs  16-bit  parallel  words  to  the  com¬ 
puter  interface  via  direct  memory  access  (DMA)  transfers. 
Automatic  identification  and  extraction  of  a  subset  or 
.sector  of  the  incoming  data  are  performed  by  a  single  sec¬ 


torizing  unit  contained  in  the  frame  synchronizer.  Sec¬ 
torizing  initialization  is  under  direct  software  control  and 
specifies  the  geographic  area  of  interest,  data  type,  and 
resolution  to  the  unit  before  acquisition  begins.  During 
the  real-time  acquisition,  the  sectorizing  unit  automatically 
preprocesses  the  VISSR  data.  A  total  of  five  such  sectoriz¬ 
ing  units  may  be  accommodated  by  the  GOES  frame 
synchronizer. 

Demodulated  signals  from  the  TIROS  HRPT  and  the 
DMSP  RTD  receiver  are  sent  to  a  bit  synchronizer  unique 
to  each  data  stream.  Each  bit  synchronizer  operates  at 
a  fixed  bit  rate:  1.024  Mbps  for  DMSP  RTD  and  665.4 
Kbps  for  TIROS  HRPT.  The  serial  NRZ-L  or  BiO-L  data 
and  TTL  clock  signals  are  then  applied  to  a  time  frame 
synchronizer  unique  to  each  satellite.  The  TIROS  frame 
synchronizer  is  specifically  designed  for  operation  only  on 
the  HRPT,  LAC,  and  GAC  data.  Frame  sync  correlation 
logic  searches  and  locks  on  to  the  (jO-bit  (six  lO-bit  words) 
frame  sync  pattern  and,  once  lock  is  achieved,  16-bit 
parallel  data  words  are  output  by  the  frame  synchronizer 
to  the  computer  interface  electronics  via  DMA  transfers. 

The  DMSP  frame  synchronizer  is  a  generic  PCM 
decommutator  that  is  set  up  under  software  control  to 
recognize  and  decommutate  the  150-bit-long  frames  of 
RTD  data.  The  serial  NRZ-L  data  and  clock  signals  output 
by  the  bit  synchronizer  are  input  to  the  PCM  decommu¬ 
tator.  A  search  mode  is  then  entered  for  pattern  correla¬ 
tion  of  the  13-bit  frame  sync  code.  Once  found,  the  unit 
enters  a  verify  and  then  lock  mode  and  outputs  16-bit 
parallel  data  words  to  the  computer  interface  via  DMA 
transfers. 

As  noted  previously,  bit  synchronization  for  the  GAC, 
LAC,  and  HRPT  transmissions  received  by  the  10-m  earth 
station  is  handled  by  the  wide  band  modem.  Serial  clock 
and  data  streams  output  from  the  modem  are  input  to 
a  second  port  of  the  TIROS  frame  synchronizer  (i.e.,  the 
same  frame  synchronizer  is  used  for  HRPT  transmissions 
received  via  the  2.4-m  tracking  antenna,  as  well  as 
GAC/LAC/HRPT  transmissions  via  the  10-m  earth  sta¬ 
tion.  This  configuration  puts  a  constraint  on  the  use  of 
the  frame  synchronizer  to  receive  and  process  data  from 
either  the  2.4-m  antenna  or  the  10-m  earth  station,  but 
never  both  concurrently. 

The  computer  system  supporting  SDRPS  is  a  Gould 
SEL  32/27  that  has  2  Mbytes  of  internal  memory,  two 
675-Mbytc  disc  drives,  a  3<K)-Mbyte  di.sc  drive,  and  a 
floating  point  accelerator.  As  data  reception  occurs,  it  is 
displayed  on  an  l^S  image  processing  system  monitor  in 
real-time,  scan  line  by  scan  line.  Along  with  the  soft  copy, 
a  Muirhead  KSW)  hard  copy  unit,  which  is  a  wet  process 
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that  gives  a  good  photographic  copy,  generates  within  30 
minutes  of  the  receipt  of  the  data,  a  paper  print  that  is 
gridded,  gamma<orrected  and  linearized  or  earth  curvature 
corrected.  This  formatted  data  set  will  then  replace  the 
original  data  image  and  can  be  used  to  determine  the  quali¬ 
ty  of  the  gridding. 

Other  SDRPS  peripherals  include  a  system  console, 
operator  terminals,  tridensity  tape  drive,  line  printer,  and 
a  Decwriter  terminal,  which  has  a  paper  printout  that  is 
used  as  a  status  monitor.  During  unattended  SDRPS  opera¬ 
tion,  the  printout  provides  a  history  of  events  that  occurred 
during  the  course  of  a  night  or  a  weekend.  A  Hewlett- 
Packard  8-pen  color  plotter  globally  displays  the  orbiting 
satellites’  paths. 

Examples  of  SDRPS  software  are  unattended  operation, 
antenna  positioning  and  control,  formatting  setup,  data 
acquisition  and  extraction,  real-time  product  generation, 
data  management,  registration,  hard-copy  plotter,  orbit 
prediction,  calibrations,  device  control,  and  archiving.  An 
extensive  software  array  is  required  to  operate  a  receiv¬ 
ing  station  of  this  complexity. 

This  capability  enables  NORDA  to  obtain  world  wide 
satellite  data  coverage  to  support  field  experiments,  Fleet 
exercises,  and  validation  of  Navy  ocean  products  (sea  ice 
maps,  sea  surface  temperature,  etc.).  This  global  capabili¬ 
ty  is  critical  in  resolving  many  of  the  Navj  ^  operational 
and  environmental  problems  that  occur  in  a  variety  of 
oceanographic  conditions. 

The  workhorse  for  this  effort  is  the  Interactive  Digital 
Satellite  Image  Processing  System  (IDSIPS).  This  system, 
established  in  1978,  consists  of  an  HP-30(X)  minicomputer 
interfaced  with  three  I^S  Model  70  image  processing  ter¬ 


minals.  Aside  from  normal  image  enhancement  software. 
IDSIPS  has  additional  custom-designed  software  modules 
that  have  been  developed  for  a  variety  of  oceanographic 
applications,  some  of  which  are  now  available  to  the  Naval 
Eastern  Oceanography  Command.  These  software  modules 
were  largely  supported  by  ongoing  Navy-funded  programs 
and  include  routines  to  produce  geometric  registration  of 
satellite  data  to  various  map  projections,  multichannel 
(spectral)  sea  surface  temperatures,  atmospheric  correc¬ 
tion  for  visible  (Coastal  Zone  Color  Scanner— CZCS) 
satellite  data,  overlays  of  geographical  and  bottom 
topography  contours,  warmest  pixel  compositing  for  cloud 
removal,  and  execution  of  many  image  enhancement  and 
interpretation  functions.  The  latter  includes  contrast 
enhancement,  noise  reduction  and  image  sharpening  (i.e.. 
edge  enhancement),  the  capability  to  view  consecutive 
observations  of  the  same  area  in  rapid  sequence  to  study 
the  evolution  of  oceanographic  features,  and  many  other 
features. 

An  additional  capability  that  has  proven  extremely  useful 
has  been  the  transmission  of  computer-processed  imagery 
to  ships  at  sea.  The  rapidly  changing  ocean  dynamics  of 
many  frontal  areas  often  necessitates  daily  changes  in  the 
oceanographic  sampling  strategy  designed  to  survey 
oceanographic  features  of  interest.  The  utility  of  having 
satellite  imagery  available  in  the  field  for  real-time  planning 
of  oceanographic  research  readily  increases  the  success  and 
efficiency  of  an  ocean  experiment.  This  was  readily  appar¬ 
ent  during  NORDA 's  Chemical  Fronts  cruise  in  the  Gulf 
Stream  region  in  April  1983.  Near-real-time  processed 
infrared  imagery  enabled  shipboard  scientists  to  select  opti¬ 
mum  cruise  tracks  tailored  to  their  needs  to  cross  well- 
defined  ocean  fronts. 
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Low-Frequenqr  Noise  Fields 

William  M.  Carey  and  Ronald  A,  Wagstaff 
Office  of  the  Technical  Director 

Abstract 

Very-low-frequency  (2  to  20  Hz)  and  low-frequency  (20  to  200  Hz)  physical 
noise  models  and  measurements  show  long-term,  persistent  directional 
characteristics  associated  with  distant  shipping  lanes  and  density  patterns.  Short¬ 
term  averages  show  a  temporally  dynamic  field  composed  of  resolved  distant 
shipping  and  uncorrelated  background  noise.  These  results  emphasize  the  im¬ 
portance  of  the  coherent  contribution  from  coastal  shipping  to  the  mid-ocean 
noise  field.  Vertical  directionality  measurements  by  Anderson  et  al.  (1972)  show 
a  broad,  angular  distribution  of  noise  intensity  near  the  horizontal  at  low  fre¬ 
quencies  and  a  peaked  distribution  about  the  horizontal  at  high  frequencies.  This 
broad,  angular  distribution  near  the  horizontal  is  consistent  with  sound  propagating 
downslope  by  means  of  a  bottom  reflectivity  that  favors  lower  frequencies.  The 
frequency  variation  near  the  horizontal  was  found  to  be  smooth  and  indicates 
that,  in  addition  to  surface  ships,  environmental  noise  influences  the  vertical 
directionality. 


Introduction 

Since  the  classic  paper  of  Wenz  (1962),  ambient  noise 
has  been  an  extensively  studied  phenomenon.  Morris 
(1975)  emphasized  the  importance  of  enhanced  signals  as 
ships  cross  over  seamounts  or  proceed  over  the  continen¬ 
tal  slopes.  Wagstaff  (1981)  showed,  by  comparing 
measurements  and  calculations,  that  coastal  shipping  (ships 
over  the  continental  slope  and  on  the  shelf  near  the  slope) 
must  be  considered  so  that  the  horizontal  directionality 
is  described  correctly.  He  showed  that  these  coastal  sources 
would  also  affect  the  vertical  directionality.  This  paper 
reinforces  these  findings  with  new  results  from  downslope 
transmission  loss  (TL)  and  noise  directionality  experiments. 

Discussion 

Signal  sound  transmission  characteristics 

Officer  (1958)  showed  that  downslope  propagation 
resulted  from  the  conversion  of  high  angle  rays  (with 
respect  to  the  horizontal)  to  lower  angle  rays  by  twice 
the  slope  angle.  The  effect  was  observed  by  Northrop  et 
al.  (19()8)  with  peak  pre.s.sure  amplitudes  from  shallow  ex¬ 
plosions  over  the  continental  slope.  The  estimated 
downslope  enhancements  averaged  6  dB  and  ranged  as 


high  as  12  dB,  and  were  coined  the  “megaphone  effect” 
by  Smith  (1971).  Morris  (1975)  found  that  the  narrow- 
band  pressure  levels  on  a  vertical  array  in  the  upper  part 
of  the  Pacific  sound  channel  showed  a  downslope  enhance¬ 
ment  from  the  radiated  signal  of  a  supertanker  to  be  be¬ 
tween  7  and  1 2  dB  from  a  seamount  and  4  and  6  dB  from 
the  continental  slope.  In  the  Northwest  Atlantic,  Laplante 
(1981)  and  Koenigs  et  al.  (1981),  using  charges,  demon¬ 
strated  that  seamounts  and  other  topographic  features  that 
rise  into  the  sound  channel  significantly  affect  sofar  prop¬ 
agation.  The  downslope  enhancement  (DSE)  was  observed 
to  be  most  pronounced  for  near-surface  sources  (18  m) 
at  frequencies  between  25  and  100  Hz,  ranging  up  to  20 
dB  and  averaging  7.5  dB.  These  results  agree  with  obser¬ 
vations  in  the  northeast  Pacific  (R.  L.  Martin,  NORDA 
personal  communication).  The  results  in  this  article  are 
comparable  and  are  attributed  to  the  conversion  of  high- 
angle  energy  to  low-angle  energy  by  twice  the  slope  angle, 
with  the  added  frequency-dependent  influence  of  bottom 
reflectivity. 

A  downslope  to  deep  ocean  .sound  channel  experiment 
(with  an  18-m,  135-Hz  .source)  was  conducted  in  the 
Northwest  Atlantic  Ocean  (Carey,  1983).  The  transmis¬ 
sion  path  was  from  the  continental  slope  off  the  Sable  Island 
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Bank,  through  the  Gulf  Stream,  to  the  edge  of  the  Sarga,sso 
Sea.  The  results  agreed  with  the  treatment  of  downslope 
propagation  converting  high  angle  energy  to  low-angle 
energy,  coupled  with  the  effect  of  the  frequency-dependent 
bottom  loss  versus  grazing  angle.  Lindrop  (1977)  defined 
a  slope  enhancement  by  the  limiting  source  angle  (0,, 
~  8”)  for  deep  water  and  the  limiting  source  angle  over 
the  slope  (0).  The  limiting  source  angle  (0)  may  be  deter¬ 
mined  by  the  limiting  grazing  angle  at  the  bottom  and 
by  Snell's  law.  For  a  water  depth  of  1  km,  slope  angle 
of  6“,  grazing  angles  of  11-20",  and  source  angles  of 
n-i”)",  the  DSE  =  10  log  (sin  0/sin  6^)  =  2.7  to  18 
dB.  which  is  close  to  the  4  dB  observed.  Since  the  bot¬ 
tom  loss  increases  and  the  limiting  grazing  angle  decreases 
with  frequency,  DSE  would  not  be  expected  at  frequen¬ 
cies  greater  than  4(X1  Hz. 

A  similar  downslope  to  bottom  limited  region  experi¬ 
ment  was  performed  with  a  towed  source  driven  at  67 
Hz  and  17.^  Hz  from  the  Florida  Plain  toward  the  West 
Florida  Escarpment  (Carey  et  al.,  198^).  The  DSE  at  67 
Hz  was  as  high  as  6  dB,  and  most  points  were  between 
2  and  4  dB.  The  17.VHz  data  showed  a  peak  DSE  of  6 
dB  with  a  dramatic  increase  in  transmission  loss  as  the 
.source  proceeded  up  the  .slope.The.se  low-frequency  ex¬ 
perimental  results  show  the  signal  retains  a  degree  of 
coherence  in  the  downslope  propagation. 

Beam  noise  surfaces 

Beam  noise  measurements  were  obtained  using  seismic 
streamers  with  high  den.sity  digital  recorders  (HDDR)  and 


were  processed  with  fast  Fourier  transform  (FFT)  tech¬ 
niques  on  standard  minicomputers  and  array  processors. 
Figure  1  shows  results  of  one  such  .study  in  a  deep  basin 
with  shipping  lanes.  The  array  was  towed  near  one  side 
of  the  basin  to  reduce  ambiguity  effects.  Three  coincident 
beam  noise  surfaces  (beam  noise  intensity  (dB)  versus  time 
(At  =  8  sec)  and  azimuth  (A0  —  2.V’))  are  shown  for 
center  frequencies  of  5.3,  165,  and  320  Hz  with  equivalent 
apertures  in  0.125-Hz,  Hann-shadc*d  frex^uemey  bands.  Tow- 
ship  noise  is  observed  between  0  and  .30"  while  distant 
ships  are  show-n  (light  tracks)  superimpo.sed  on  a  lower 
noise  level  background  (environmental  noise,  unresolved 
ships,  and  system  noise). 

The  beam  noise  surfaces  for  165  and  320  Hz  show  a 
comparable  number  of  ship  tracks.  However,  the  53-Hz 
noise  surface  shows  fewer  tracks  and  several  with  weak 
intensity  levels  despite  the  better  transmis.sion  loss 
characteristics  at  this  frequency.  Beam-to-beam  correla¬ 
tion  functions  indicate  that  the  individual  tracks  on  165 
and  320  Hz  are  surface  ships  within  the  main  beam 
coverage  areas  rather  than  from  side-lobe  response.  A 
strong  signal,  which  appears  on  the  beam  main  lobe  and 
also  appears  on  another  beam  due  to  the  side-lobe  response, 
will  produce  a  cross-correlation  function  with  multiple 
peaks.  The  correlation  functions  did  not  exhibit  this 
characteristic,  which  indicates  a  side-lobe  level  response 
better  than  -  28  dB.  Since  the  system  responses  are  com¬ 
parable  and  the  transmission  loss  characteristic  shows  less 
loss  at  53  Hz,  then  the  fewer  tracks  oKserved  on  this  beam 
noi.se  surface  may  lie  due  to  a  characteristic  of  the  surface 
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ship-radiated  noise  spectrum.  The  lower  frequency  por¬ 
tion  of  the  spectrum  is  tonal,  whereas  the  higher  frequency 
portion  of  the  spectrum  is  a  continuum.  Consequently, 
we  only  observe  ships  that  have  energy  in  the  narrow 
measurement  band. 

Ambient  noise  horizontal  directionality 

Beam  noise  measurements  were  performed  in  the 
downslope  to  deep  ocean  basin  and  downslope  to  bottom- 
limited  basin  experiments.  These  noise  measurements  were 
used  to  estimate  the  noise  horizontal  directionality  with 
the  iterative  technique  of  Wagstaff  (1978). 

The  estimate  of  the  noise  horizontal  directionality  for 
the  Gulf  of  Mexico  (Fig.  2)  shows  high  levels  in  the  north¬ 
ern  quadrant  and  low  levels  in  the  southern  half-space. 
The  differences  between  high  and  low  levels  range  from 
10  dB  at  150  Hz  to  25  dB  at  50  Hz  with  pooled  standard 
deviations  of  1.6  and  2.5  dB,  respectively.  The  reasons 
for  the  high  degree  of  spatial  anisotropy  are  evident  when 
the  acoustic  propagation  characteristics  of  the  basin  sur¬ 
rounding  the  measurement  location  and  the  spectral 
distribution  of  noise  sources  are  considered. 

Similar  results  of  ambient  noise  directionality 
measurements  for  the  Northwest  Atlantic  Basin  are  shown 
as  Figure  3.  The  directional  effea  (minimum  to  maximum 
level  deviation)  is  shown  to  be  about  1 5  dB  at  50  Hz  and 
7.6  dB  at  150  Hz.  The  directional  characteristics  of  the 
noise  field  appear  to  be  similar  for  the  two  frequencies. 
The  measurements  took  place  at  a  location  such  that  the 
90°  to  180“  quadrant  was  toward  the  Corner  Seamounts 
in  the  Mid-Atlantic  Ridge,  while  the  northerly  sector  en¬ 
compassed  the  region  off  Newfoundland.  The  high  noise 
directions  are  from  approximately  270“  clockwise  to  90“; 
a  seaor  including  the  Grand  Banks,  the  Scotian  Shelf,  and 
a  major  trans-Atlantic  shipping  lane.  Thus,  the  observed 
noise  directionality  is  attributable  to  the  combined  effect 
of  mid-basin  shipping  in  trans-Atlantic  lanes,  as  well  as 
to  ships  traversing  the  continental  rise,  banks,  and  shelf. 

The  directionality  plots  shown  here  are  consistent  with 
the  time-averaged  beam  response  of  the  bearing  time  sur¬ 
faces.  Hamson  and  Wagstaff  (1983)  have  shown  that  these 
noise  horizontal  directionality  patterns  can  be  calculated, 
provided  the  shipping  distribution  is  known,  the  transmis¬ 
sion  loss  is  calculable,  and  the  ships  on  the  basin  margins 
are  included. 

Ambient  noise  vertical  directionality 

Since  high-angle  energy  from  deep  ocean  noise  sources 
is  rapidly  attenuated  due  to  multiple  bottom  interactions, 
one  would  expect  the  energy  propagated  from  these  sources 
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Figure  2.  Horizontal  noise  directionality,  Gulf  of  Mexico. 

to  be  peaked  at  the  sofar  channel  ray  limiting  angles  (10“ 
to  15“  off  the  horizontal).  However,  measurements  of  the 
vertical  distribution  of  noise  intensity  in  the  low-frequency 
band  show  a  broad  angular  distribution  centered  about 
the  horizontal  direction.  Consequently,  the  broad  distribu 
tion  of  energy  about  the  horizontal  requires  a  mechanism 
as  the  downslope  conversion  process.  Figure  4  represents 
a  remarkable  set  of  data  collected  by  Anderson  et  al.  (1972). 
which  illustrates  these  effects.  Here  the  maximum 
likelihood  method  (Edelblute  et  al.,  1966)  was  used  to  pro¬ 
duce  the  vertical  noise  level  distribution  as  a  function  of 
vertical  angle  (90“  is  the  horizontal  direaion)  and  frequen¬ 
cy.  These  data  were  obtained  south  of  Bermuda  with  a 
vertical  array  of  26  elements  spanning  a  distance  of  110 
m  and  centered  at  a  depth  of  236  m  in  the  deep  sound 
channel  with  an  axis  depth  of  1  km.  Figure  4  shows  the 
vertical  arrival  structure  of  the  noise  as  a  function  of  fre¬ 
quency  with  a  resolution  of  1.4  Hz.  At  150  Hz  the  noise 
intensity  has  maxima  at  90“  ±  9.5“  compared  to  90”  ± 
14"  if  the  array  center  had  been  located  at  the  sound  chan¬ 
nel  axis.  The  Mimi  .sound  source  is  observed  near  4(X1  Hz 
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Figure  3  Horizontal  noise  directionalitw  NW  Atlantic. 
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At  frequencies  ureaier  than  t(K)  H/.  the  data  show  alias 
intJ  (ISO"  to  130")  and  the  peaked  distrilnition  of  noise 
intensity  at  00"  ±  9.3"  with  a  noise  minima  at  90"  ot 
-  10  dfJ.  In  compari.son.  the  distribution  at  100 11/  shows 
a  broad  maximum  centered  on  the  horizontal.  Anderson 
(1979)  simulated  the  pattern  at  the  higher  frequencies, 
but  was  not  able  to  do  so  at  the  lower  frequencies.  1  le 
showed  that  the  broad  maximum  was  not  due  to  deficien 
cies  in  the  measurement  technique  and  analysis.  These- 
characteristics  persistcxl  lor  several  days,  that  is.  the  vertical 
distribution  of  energy  was  broad  at  the  lower  frequencies 
and  sharply  dual  peaked  at  the  higher  frequencies,  in¬ 
dicating;  that  the  horizontal  comixment  of  noise  orij;inates 
at  a  distance  from  the  receiver.  The  smooth  noise  level 
variation  between  29  and  139  Ilz  is  a  si);nificant 
characteristic  ot  the  noise.  It  the  horizontal  noise  is  from 
distant  slope  interacted,  ship  radiated  si>;natures.  why  the 
smooth  variation 

These  results  are  consistent  with  previous  and  subse 
quent  investigations.  Fox  tl9(>f)  obtained  d.ita  trom  a 
19  element  array  near  f3ermuda  in  1. 1  km  of  w  ater  He 
found  that  at  low  sea  states,  the  vertic.il  distribution  of 
noise  intensity  was  broadly  peaked  near  the  horizontal  ocer 
the  band  of  2(K)  to  1  3(X)  1  fz.  At  hii;h  se.i  states  he  obvrvixl 
an  isotropic  distribution  at  hiqher  frequi-ni  les  i  >  2fX)  I  lz  > 
but  a  persistc-nt  horizont.il  ci'inponent  i—2<Xi  ll/i 
M  e.isuremenis  by  .A.xi-lrod  el  al.  i  I9tisi  showed  .i  sironi; 
low  frequency  horizont.il  lompom-iii  .uni  observeil  ih.n 
the  treqiii-ncy  .it  which  the  veriu.il  direi  lion.iliic  bei.inie 


isotropic  depended  on  the  local  wind  speed.  Anderson 
|19"^9)  reported  noise  \ertica!  dirtx  ionality  in  a  region 
of  the  Northeast  P.icific  Ocean  over  the  2V  to  191  Hz 
b.ind.  He  also  observed  .i  broad  an>>ular  distribution  of 
noise  near  the  horizontal.  A  horizontally  stratificxl.  range 
inde(x-ndent  oce.in  ukkIcI  dex-s  not  predict  a  broad  angular 
distribution  ot  noise  intensity  about  the  horizontal  hut. 
rather,  a  dual  peaked  noise  intensiiv  distribution  (  ±  19" 
to  ±  13")  and  no  noise  at  the  horizontal 

Noise  generated  trom  surface  sources  cannot  arrive- 
within  the  limiting  angles  bracketing  this  minimum,  whic  h 
is  referred  to  .is  a  hori/oni.il  noise  notc  h  W'.igstaft  1 19S1  i 
showed,  by  agreement  between  c  .ilc  illations  and  data,  that 
distant  shipping  ovc-r  the  contiiieni.il  shelf.  slo|X'.  or  a  sea 
mount  contributes  to  tin  broad  veriu.tl  distrilnition  of 
low-frequency  noise  ne.ir  the  horizont.il.  Data  obtained 
between  Tape  Hatier.e.  and  l^rnuid.i  were  .inalv/ed  in 
the  l3  to  |(KI  Hz  b.ind  bv  W  al'  s  .md  1  )i.u  hok  il9Sli 
i  hc-se  data  were  found  to  li.ivc  .i  bro.el  vertical  distribii 
tion  ilc-ar  the  hori/ont.il  1  heir  c orresponc''ni;  noise  level 
versus  lrec|iiencv  .md  , iiriv.il  , ingle  plot  ..lows  .i  smooth 
v.iri.ilion  in  liec|iienc  v  simil.ir  to  ih.u  o|  the  .\nderson  d.it.i 
rile  f.ic  t  th.it  these  d.il.i  cK '  It'  a  shi  'cc  ,i  i(  m.il  c  h.ir.ic  terislic 
IS  im|xirt.int,  .is  shi|'  r.idi.iied  noiv  s|Heir.i  h.ivc-  Uen  shown 
to  be  prim.irilv  lon.il  m  this  b.ind  Hrowniiu;  et  .il  i  |9M  i 
show  d.it.i  obi, lined  111  the  South  I  i|i  IVisin.  .i  re  gion  of 
sp.irse  sllippiiu;  Below  2l  H  I  1  Iz.  he  obsei  V  ed  ,1  lev  el  I  ilH 
less  ih.in  A  .lesl.itt.  with  ,i  In  o.id  ni.isununi  in  the  v  et  l  u  ,il 
distribution  ot  noise  inleiisiiv  ceiilered  ,il  llu  hoiizonl.il 
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Browninjj  found  those  results  consistent  with  both  sur 
face  ship  noise  and  storm  noise  originatinjj  near  the  hasin 
boundaries  coupling)  to  the  sound  channel.  If  these  results 
were  solely  due  to  ships  interactinjJ  with  slopes  and  sea 
mounts,  one  mi^ht  expect  a  reflection  of  the  tonal  quali 
ty  of  the  low-frequency  ship  signature  in  the  measured 
noise  spectra  when  the  number  of  ships  are  small.  Since 
this  is  not  the  case,  one  can  draw  the  inference  that  another 
contribution  to  the  noise  field  at  the  horizontal  is  impor 
tant.  such  as  the  noise  due  to  wind  and  surface  waves 
over  continental  slopes  and  seamounts.  Furthermore. 
Burgess  and  Kewley  (1983)  found  similar  results  in 
Australasian  waters. 

Conclusions 

This  article  has  presented  measurements  showing  that 
surface  ship  noise  coupled  into  the  sound  channel  pro¬ 
duces  marked  effects  on  the  directional  noise  field  at  the 
lower  frequencies.  The  data  presented  show  that  this  in 
teraction  is  similar  to  a  low  frequency  pass  filter.  The  ex 
pected  level  of  DSH.  based  on  the  downslope  conversion 
process  for  representative  bottom  loss,  yields  in  1  km  of 
water  DSH  =  1.8  at  30  flz.  2.1  at  2(K)  Hz.  and  0.3  at 
't(X)  Hz.  The  lower  frequency  sound  transmission  was 
observed  to  be  more  persistent  with  a  fair  degree  of 
coherence.  Coherent  signals  from  surface  ships,  readily 
observed  in  the  beam  noise  surface  plots,  were  shown  to 
he  a  dominant  characteristic  of  the  ambient  noise.  The 
frequency  dependence  of  the  beam  noise  surfaces  is  con¬ 
sistent  with  expectations  based  on  narrowband  ship 
signatures.  Calculations  and  inference  suggest  that  sur¬ 
face  ships  dominate  the  low  frequency  ambient  noise 
horizontal  directionality.  The  nature  of  the  reveived  signal 
from  distant  ships  in  space  and  in  time  provides  for  a 
coherent  gain  over  the  incoherent  environmental  noise 
background.  The  fact  that  downslope  propagation  of  sound 
retains  a  fair  degree  of  coherence  reinforces  the  idea  that 
the  coastal  shipping  dominates  the  mid  basin  ambient  noise 
horizontal  directionality. 

Ambient  noise  vertical  directionality  data  exhibit  a  low- 
pass  filtercxl  effext  due  to  downslope  conversion  at  the  basin 
boundaries,  i.e..  a  broad  angular  distribution  centercxl  alxnit 
the  horizontal  at  low  frequencies  and  a  dual  peaked  distribu 
tion  in  energy  at  the  higher  frequencies.  A  mechanism 
for  introducing  energy  into  the  sound  channel  is  the  down 
slope  conversion  prtK'ess.  Dashen  and  Munk  (198't)  have 
shown  that  scattering  by  internal  waves  cannot  account 
for  this  phenomenon:  however.  Mellen  (1983)  contends 
that  diffusion  is  a  candidate.  Measurements  and  calcula 


tions  by  Wagstaff  demonstrate  that  coastal  shipping  could 
easily  account  lor  this  effect. 

A  characteristic  of  the  vertical  directionality  data  was 
the  smooth  variation  in  frequency  from  2(1  Hz  to  200 
Hz.  Since  surface  ship  spectra  arc  tonal  in  the  low- 
frequency  region,  expectations  are  that  a  spikey  nature 
wt)uld  be  observed,  provided  the  measurement  system  has 
the  resolution.  Furthermore,  measurements  obtained  in 
remote,  sparsely  shipped  areas,  although  at  lower  levels, 
yield  similar  findings  as  the  vertical  directionality  from 
densely  populated  basins.  Since  any  sound  source  such 
as  wind  driven  noise  (capillary  to  capillary  wave  interac¬ 
tion,  wave  turbulcTice.  .splashes,  impacts  and  aggregate  bub¬ 
ble  oscillations)  near  the  surface  over  the  slope,  shelf,  or 
seamounts  will  introduce  sound  into  the  sound  channel, 
then  environmental  noise,  in  addition  to  shipping,  may¬ 
be  required  to  explain  the  broad  angular  and  frequency- 
characteristics. 
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Implementation  of  Rough  Surface  Loss  in 
Sonar  Performance  Models 

Anthony  1.  Eller 
Office  of  the  Technical  Direct<ir 

Abstract 

The  past  few  decades  have  seen  notable  advances  in  ihe  development  of  wide¬ 
ly  applicable,  robust  submodels  for  the  mathematically  tractable  aspects  of  ocean 
acoustic  propagation.  In  contrast,  many  of  the  empirically  oriented,  less  trac¬ 
table  aspects  of  propagation  have  received  less  than  their  due  attention,  and  their 
inclusion  in  sonar  performance  models  compromi.ses  the  accuracy  that  might 
have  been  achieved  by  the  more  advanced  propagation  algorithms.  One  leading 
problem  area  that  has  not  been  adequately  developed,  which  in  some  cases  is 
the  weak  link  in  sonar  modeling,  is  the  scattering  of  acoustic  energy  at  the  rough 
sea  surface.  This  article  reviews  the  prevailing  inconsistencies  associated  with 
how  surface  scattering  has  been  implemented  in  current  sonar  performance  models. 
Some  of  the  measures  in  progress  to  achieve  coasi.stency  within  the  ocean  engineer 
ing  community  are  de.scribed. 


Introduction 

Sonar  performance  models  are  used  to  relate  how  system 
performance,  as  measured  by  received  signal-to-noi.se  ratio, 
is  determined  jointly  by  system  hardware  and  processing 
parameters  (such  as  equipment  location,  size,  and  integra¬ 
tion  time)  and  by  environmental  acoustic  parameters  (such 
as  propagation  lo.ss.  noise,  and  reverberation  on  a  path- 
by-path  basis).  Extensive  R&D  effort  has  been  devotcxl  to 
constructing  propagation  loss  models,  and  the  past  two 
decades  have  seen  notable  advances  in  the  development 
and  implementation  of  widely  applicable,  robust  mtxlels 
for  the  mathematically  tractable  aspects  of  acoustic  propa 
gation.  At  the  same  time,  however,  le.ss  tractable,  and 
usually  empirical,  aspects  of  propagation  modeling  have 
received  little  attention.  Their  inclusion  in  sonar  models, 
alting  with  the  highly  developed  aspects  of  propagation, 
tends  to  compromise  the  overall  accuracy  of  the  nHxlel 
and  introduces  substantial  uncertainty  into  the  predictions. 

One  particular  problem  area  that  has  not  k-en  adcxjuately 
developed,  which  in  some  cases  is  the  weak  link  in  sonar 
performance  modeling,  is  the  scattering  of  acoustic  energy 
at  the  rough  sea  surfate.  Models  currently  used  for  sur 
face  reflection  loss,  as  implemented  in  sonar  performance 
models,  often  give  vastly  conflicting  predictions,  which 


in  turn  lead  to  correspondingly  severe  discrepancies  in 
predicted  propagation  loss.  The  occurrence  of  such 
discrepancies  is  sometime's  a  more  disrupting  problem  than 
the  actual  surface  loss.  Furthermore,  side  effects  of  large 
modeling  di.screpancies  are  that  the  entire  modeling  ef¬ 
fort  loses  credibility  and.  more  imponanily,  usc-rs  of  model 
predictions  are  left  with  unresolved,  contradictory 
guidance. 

Discussion 

Review  of  scattering  loss  inconsistencies 

A  review  of  currently  used  surface  loss  models  has 
revealed  several  inconsistencies. 

Beckmann-Spizzichino  Model — The  so  called 

Beckmann  Spizzichino  (B  S)  model  is  a  hybrid  consisting  of 

•  an  angle  indejx'ndent  term  based  jointly  on  the  M.irsh 
(l%l)and  Marsh  et  al.  ( 19(>1)  thwry  of  surface  duct  lossi's 
for  the  limiting  ray  and  on  corresponding  surface  duct 
data  (Marsh.  19('^'. 

•  a  purely  analytic  term  Itased  on  the  theory  by 
Beckmann  and  Spizzichino  (EXA). 

Naming  the  entire  hybrid  model  "Beckmann 
Spizzichino"  is  considered  by  many  to  be  a  misnomer. 
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Two  versions  of  the  B-S  surface  loss  model  presently  exist: 
version  1  is  j;iven  in  the  NUSC  Generic  Sonar  Model 
(Weinburg.  1981).  and  version  11  exists  in  current  ver¬ 
sions  of  the  NISSM  11  model.  (Current  versions  of  NISSM 
II  differ  from  the  original  NISSM  II  documentation  (Wein- 
burg,  1973)  in  various  ways;  one  difference  is  surface  loss. 
The  two  versions  differ  by  an  algebraic  sign  and  by  the 
presence  of  a  term  (sin  d)l6.  Reasons  for  the  differences 
are  not  known  and  could  be  simply  an  unedited  clerical 
error.  The  twti  versions  alsti  differ  in  the  selt“Ction  of  which 
wind  speed/wave  height  relation  is  built  in.  The  point  to 
note,  however,  is  that  the  effect  of  the  differences  is  by- 
no  means  trivial,  and  their  presence  indicates  the  general 
confusion  and  disarray  connected  with  surface  loss. 

Figure  1  displays  predicted  surface  loss  per  bounce 
according  to  the  two  B-S  model  versions.  Differences 
between  the  predictions  are  as  large  as  the  loss  itself. 


Fif;un'  1.  Comparison  of  surface  loss  predictions  by  two  ver 
sions  of  the  Beckmann  Spizzichmo  model  at  grazing  anyles 
of  <1 "  and  20°. 


Intermodel  Comparisons — Comparisons  of  losses  accord¬ 
ing  to  four  different  surface  loss  models  show  similar  incon¬ 
sistencies.  Figures  2-4  compare  predictions  of  surface 
loss  as  a  function  of  significant  wave  height,  grazing  angle, 
and  frequency. 

The  Eckart  model  (1933)  gives  surface  loss  as 
surface  loss  =  20  loy  cxp{2ff  (1) 

where 

^  =  i2it  f  a  sin  dk)'  .  i2) 

f  is  frequency,  c  is  sound  speed,  d  is  grazing  angle  at  sur 
face,  and  a  is  rms  displacement  of  surface  about  the  mean. 
This  model  is  based  upon  the  Kirchhoff  approximation, 
a  small  surface  slope  a.ssumption.  and  a  Gaussian  distribu 
tion  of  surface  vertical  displacements.  The  nKKiified  F.ckart 
model  represents  a  mathematical  improvement  that  allows 


the  original  Eckart  result  to  be  extended.  The  modified 
Eckart  model  is  given  by 

surface  loss  -  -20  loj^  [ff2p)  e.xp(-2pjj  .  (3) 


where  f,  is  the  zero-order  modified  Bessel  function.  The 
figures  show  that  the.se  two  models  differ  significantly  for 
large  values  of  roughness  p. 

The  Schulkin-Marsh  model,  called  AMOS  in  Weinburg 
(1981).  is  used  for  example  in  the  LORA  performance 
model  Hoffman  (1976).  where  it  is  given  by 


surface  loss  = 


{10  log  [  1  +  {f'b/4. 14f  j.  fb  <4-2691 
1.59  fbff  fb>4. 2691.  (4) 


where  /is  frequency  in  kilohertz  and  b  is  average  crest - 
to-trough  wave  height  in  feet.  The  Schulkin-Marsh  model 
is  ba.sc*d  on  measurements  of  surface  duct  propagation  loss. 
To  convert  the  measured  surface-related  losses  to  a  measure 
of  lo.ss  per  bounce,  all  lo.s.ses  are  assumed  to  be  attributed 
to  propagation  of  the  limiting  ray.  which  is  used  to  define 
the  skip  distance  between  bounces.  Consequently,  angle 
dependence  docs  not  exist  in  this  model. 

The  fourth  surface  loss  model  used  in  the  comparisons 
is  the  B-S  model  as  given  in  the  Generic  Sonar  Model 
(Weinberg.  1981). 

In  Figures  2  -  4  the  two  Eckart  results  group  together, 
as  do  the  Schulkin-Marsh  and  B-S  results,  although  some 
differences  arc  indicated. 


SiGNTiCfiNT  wivE  HEIGHT  fREOuESC^ 
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Figure  4-  Comparisons  of  surface  loss  predictions. 

Windspeed-waveheight  relations — A  further  contributor 
to  the  confusion  surrounding  surface  loss  is  an  inconsistent 
use  of  various  wave  height  measures.  For  example,  when 
surface  loss  models  are  implemented  in  current  sonar  per¬ 
formance  models,  they  sometimes  are  recast  to  accept  wind 
speed  as  the  environmental  input  in  place  of  wave  height, 
and  several  wind  speed/wave  height  relations  are  available 
for  this  purpose.  Two  examples  are 

H  =  2.0  X  10-^  ,  (5) 

attributed  to  Vine  and  Volkmann  with  H  in  feet  and  wind 
speed  w  in  knots,  and  the  corresponding  Pierson- 
Moskowitz  (1964)  relation 

H  =  1.H6  X  10-^  .  (6) 

Here,  H  designates  the  significant  wave  height,  which  is 
generally  related  to  average  wave  height  by  (Longuet- 
Higgins,  1952;  Pierson  et  al.,  1955) 

H  =  1.60  b  (7) 

and  to  rms  wave  displacement  by 

H  =  4.02  a  .  (8) 

Some  performance  models  (for  example,  NISSM  II)  have 
used  the  Neumann-Pierson  relation 

h  =  0.0026  .  (9) 

where  h  here  represents  the  average  wave  height,  rather 
than  significant  wave  height  H. 

In  some  cases,  further  inconsistency  has  resulted  in  some 
cases  from  an  incorrect  confusion  of  average  and  signifi¬ 
cant  wave  heights,  wherein  H  and  h  are  interchanged 
without  distinguishing  between  them. 

Why  such  extensive  inconsistency  regarding  surface  loss 
was  able  to  develop  and  persist  is  not  clear.  Extensive 


research  has  been  conducted  in  the  basic  problem  of  plane 
wave  interaction  with  a  rough  surface.  It  appears  that  equal 
effort  has  not  yet  been  devoted  to  the  applitxl  problem 
of  implementing  scattering  theories  into  full  propagation 
and  performance  models. 

Approach  to  problem  resolution 

Recognizing  the  seriousness  of  the  inconsistent  predic¬ 
tive  models  for  surface  loss,  the  ASW  Environmental 
Acoustic  Support  (AEAS)  program  in  environmental 
acoustics  at  NORDA  sponsored  the  formation  of  a  work¬ 
ing  committee,  whose  function  was  to  identify  and  evaluate 
available  surface  loss  models  and  to  select,  at  least  in  an 
interim  sen.se,  a  standard  for  use  in  sonar  performance 
models.  The  decision  was  to  be  made  on  the  basis  of  pres 
ent  knowledge,  in  spite  of  widespread  uncertainties  and 
the  temptation  to  wait  until  work  already  in  progress  was 
completed. 

The  committee  made  the  following  surface  loss 
recommendations. 

•  Models  that  use  the  AMOS  equations  for  transmis¬ 
sion  loss  of  the  ducted  paths  should  continue  to  do  so. 

•  Models  that  need  a  “surface-loss-per-bounce" 
algorithm  should  use  the  Modified  Eckart  (M-E)  model. 

•  The  value  of  1 1  dB  should  be  established  as  an  upper 
limit,  even  if  the  M-E  algorithm  predicts  a  loss  greater 
than  this  amount. 

•  Wind  speed  is  the  preferred  input  parameter  and  is 
to  be  converted  internally  within  the  model  to  wave  height 
by  using  the  Pierson-Moskowitz  relation. 

The  working  committee  also  recognized  that  a  serious 
deficiency  of  all  of  the  models  is  the  failure  to  include 
nonspecular  reflections  as  a  part  of  propagation  model¬ 
ing.  Surface  loss  indicates  only  the  decrease  of  the  specular 
component.  The  nonspecular  portion  of  the  scattered  field 
is  generally  a  diffuse,  incoherent  field  that  customarily  is 
neglected  through  the  argument  that  it  decreases  with 
distance  from  the  surface  more  rapidly  than  the  specular 
component. 

Following  release  of  the  committee  report  (Eller,  1984). 
the  mo.st  serious  criticism  was  conneaed  with  surface  duct 
losses.  Experienced  sonar  performance  analysts  felt  that 
the  Modified  Eckart  model  underestimated  losses  at  low 
grazing  angles  and  gave  overly  optimistic  predictions  of 
surface  duct  transmission.  A  benefit  of  this  response  is 
that  it  has  stimulated  an  intensive  reexamination  of  sur¬ 
face  duct  lo.sses,  primarily  by  members  of  the  acoustics 
community  at  NORDA  and  the  Naval  Underwater 
Systems  Center. 
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To  assess  the  consistency  of  surface  duct  predictions, 
several  calculations  of  propagation  loss  were  made  by  using 
various  combinations  of  propagation  and  surface  loss 
algorithms.  The  environment  was  a  surface  duct  in  deep 
water  with  a  layer  depth  of  375  ft.  a  constant  gradient 
of  0.0187  sec^*.  and  a  windspeed  of  15  knots. 

Propagation  loss  was  computed  by  means  of 

•  the  RAYMODE  model  with  the  B  S  and  the  M  E 
surface  loss  models; 

•  the  FACT  model,  also  with  the  B  S  and  M  E  surface 
loss  models; 

•  the  multipath  expansion  model  (MPE)  with  the  B  S 
surface  loss  model; 

•  the  AMOS  surface  duct  propagation  model  with  the 
Schulkin-Marsh  surface  loss,  using  the  AMOS  model  as 
presented  in  NISSM  II  (Weinburg,  1973). 

Each  of  these  six  approaches  is  one  that  might  be  selecic-d 
and  used  by  a  knowledgeable  sonar  design  engineer. 

The  spread  of  results  is  shown  in  Figure  5.  Results  based 
on  the  M-E  surface  loss  are  grouped  together  and  show 
the  least  loss.  The  MPE  results  were  run  because  this 
model  was  expected  to  represent  ground  truth,  including 
leakage  effects.  Its  predictions  lie  in  the  middle.  The  AMOS 
predictions,  with  other  results  based  on  the  B-S  model, 
lie  together  and  show  the  greatest  lo.ss.  The  AMOS  results 
are  regarded  as  nearly  equivalent  to  field  data.  The  com¬ 
parisons  support  the  belief  that  the  M-E  surface  loss  model 
underestimates  loss  at  the  small  grazing  angles 
characteristic  of  duaed  propagation.  Failure  of  the  Eckart- 
based  approach  at  small  angles  is  explained  by  Brekhov- 
skikh  and  Lysanov  (1982),  who  use  the  method  of  small 
perturbations  to  derive  the  Eckart  result  for  large  graz¬ 
ing  angles  and  the  relation 


h'tgute  5-  Comparison  of  propagation  loss  predictions  iiith 
various  surface  loss  models. 


Bl.  surface  lass  =  -20  log  (I  -  Af^-w^sinB)  (10) 

at  small  grazing  angle  i\  where  A  represents  a  constant. 
Noteworthy  here  are  the  dependences  on  frequency  to 
the  ’/j  |xiwer  and  on  w  indspeed  to  the  fourth  power.  This 
result  is  similar  to  the  result 

MSK  surface  loss  =  -  10  lag  1 1  -  A  p  -h^^^sind)  (11) 

by  Marsh  et  al.  (1%1).  An  unresolved  a.spect  is  that  Equa¬ 
tions  10  and  1 1  do  not  agree.  These  results  are  compared 
in  Figure  0.  which  shows  also  the  Eckart  predictions.  Equa¬ 
tions  6.  7  and  8  are  used  to  relate  wave  height  h  and 
rms  displacement  o  to  wind  speed. 


GRAZING  ANGLE  (DEGREE  1 


Figure  6.  Comparison  of  surface  loss  predictions  at  low  graz 
ing  angles  for  a  windspeed  of  13  knots  and  a  frequency  of 
3300  Hz. 

Summary 

In  summary,  the  points  addressed  here  are  that 

•  severe  discrepancies  exist  among  presently  used  sur¬ 
face  loss  models; 

•  these  discrepancies  can  lead  to  equally  severe  incon¬ 
sistencies  in  propagation  loss  predictions,  especially  for  sur¬ 
face  ducts; 

•  as  an  interim  measure  a  modified  form  of  the  Eckart 
model  was  recommended; 

•  a  new  look  at  the  theory  indicates  that  the  recom¬ 
mended  surface  lo.ss  model  underestimates  losses  at  small 
grazing  angles; 

•  the  Marsh  et  al.  (1961)  model  may  resolve  the  small 
angle  problem,  but  present  inconsistencies  with  the  BL 
theory  need  to  be  resolved  first. 


.31 


Acoustics 


References 

Beckmann,  P.  and  A.  Spizzichino  (1963).  The  Scatter 
ing  of  Electromagnetic  Waves  from  Rough  Surfaces. 
Pergamon  Press,  New  York. 

Brekhovskikh,  L.  and  Yu.  Lysanov  (1982).  Fundamen 
tals  of  Ocean  Acoustics.  Springer-Verlag,  New  York. 

Eckart,  C.  (1953).  Scattering  of  Sound  from  the  Sea  Sur¬ 
face.  Journal  of  the  Acoustical  Society  of  America  25, 
566-570. 

Eller,  A.  I.  (1984).  Findings  and  Recommendations  of 
the  Surface  Loss  Model  Working  Group:  Final  Report. 
Naval  Ocean  Research  and  Development  Activity, 
Technical  Note  279. 

Hoffman,  D.  W.  (1976).  LORA,  A  Model  for  Predict¬ 
ing  the  Performance  of  Long-Range  Active  Sonar 
Systems.  Naval  Undersea  Center,  San  Diego,  California, 
TP  541,  December. 

Longuet-Higgins,  M.  S.  (1952).  On  the  Statistical 
Distribution  of  the  Heights  of  Sea  Waves.  Journal  of 
Marine  Research  11,  245. 

Marsh,  H.  W.  (1961).  Exact  Solution  of  Wave  Scatter¬ 
ing  by  Irregular  Surfaces.  Journal  of  the  Acoustical  Sock 
ty  of  America  33,  330-333. 


Marsh,  H.  W.  (1%3).  Sound  Reflection  and  Scattering 
from  the  Sea  Surface.  Journal  of  the  Acoustical  Society 
of  America  35,  240-244. 

Marsh,  H.  W.,  M.  Schulkin,  and  S.  G.  Kneale  (1961). 
Scattering  of  Underwater  Sound  by  the  Sea  Surface.  Jour 
nal  of  the  Acoustical  Society  of  America  33,  334  -  340. 

Pierson,  Jr.,  W.  J.  and  L.  Moskowitz  (1964).  A  Pro¬ 
posed  Spectral  Form  for  Fully  Developed  Wind  Seas  Based 
on  the  Similarity  Theory  of  S.  A.  Kitaigorodskii.  Journal 
of  Geophysical  Research  69,  5181. 

Pierson,  Jr.,  W.  J.,  G.  Neumann,  and  R.  W.  James 
(1955).  Practical  Methods  for  Observing  and  Forecasting 
Ocean  Waves  by  Means  of  Wave  Spectra  and  Statistics. 
U.S.  Naval  Oceanographic  Office  (Washington,  D.C.), 
NSTL,  Mississippi,  H.O.  Pub.  No.  603. 

Weinberg,  H.  (1973).  Navy  Interim  Surface  Ship  Model 
(NISSM  II)  11.  Naval  Underwater  Systems  Center, 
Newport,  Rhode  Island,  TR  4527,  NUC  TP  372, 
November. 

Weinberg,  H.  (1981).  Generic  Sonar  Model.  Naval 
Underwater  Systems  Center,  New  London,  Connecticut, 
TD  5971C,  December. 


Ocean  Acoustics  and  Technology 


Ocean  Acoustics  and  Technology  Directorate 


W.  B.  Moseley 
Director 


The  Ocean  Acoustics  and  Technology  Directorate  was  established 
two  years  ago  to  focus  a  major  portion  of  NORDA’s  research,  develop¬ 
ment,  testing  and  evaluation  resources  on  improving  our  understanding 
of  environmental  acoustics,  on  the  formulation  and  use  of  computer¬ 
ized  acoustic  models,  and  on  ocean  technology  and  engineering  to  im¬ 
prove  Navy  systems  and  performance. 

The  articles  presented  in  this  portion  of  the  NORDA  Review  trace 
the  development  of  several  major  research  efforts  in  these  areas.  Some 
of  these  efforts  have  already  provided  specific  benefits  to  the  operational 
Fleet  and  to  the  general  advancement  of  ocean  science.  These  include 
the  development  of  Kevlar  technology  for  acoustic  arrays,  of  an  Arctic 
acoustic  capability,  and  of  a  sector  scan  sonar  application  for  mapping, 
charting,  and  geodesy;  the  design  and  development  of  a  Deep-Towed 
Array  Geophysical  System;  and  the  development  of  coupled  mode  and 
nonlinear  acoustic  models.  In  a  separate  portion  of  the  Review,  you  will 
see  a  more  complete  listing  of  these  accomplishments. 

Organizationally,  our  directorate  comprises  three  divisions:  Numerical 
Modeling,  Ocean  Acoustics,  and  Ocean  Technology.  The  research  work 
of  our  people  is  presently  concentrated  in  the  areas  of  Arctic  acoustics, 
very-low-frequency  and  high-frequency  acoustics,  nonlinear  acoustic  prop¬ 
agation,  array  technology,  acoustic  model  computer  implementation, 
mine  countermeasures,  and  several  allied  efforts. 

The  emphasis  of  the  directorate  in  the  foreseeable  future  will  be  to 
develop  the  environmental  acoustic  technology  and  support  necessary 
to  counter  the  current  and  future  foreign  submarine  warfare  threat,  which 
is  becoming  dramatically  more  sophisticated  and  dangerous.  This  em¬ 
phasis,  therefore,  will  be  directed  toward  environmental  acoustics  sup¬ 
port  to  the  Navy’s  weapons  acquisition  process,  weapons  systems  effec 
tiveness,  and  both  passive  and  active  tactical  and  surveillance  svstems. 
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Abstract 

NORDA  has  addressed  a  variety  of  underwater  acoustic  studies  of 
Navy  interest  during  its  10  years  of  existence.  These  studies  fall  into 
three  main  categories:  ocean  bottom  reflertivity,  (xean  propagation  (l)oth 
range  independent  and  range  dependent),  and  free-space  scattering.  Results 
of  these  investigations  provide  the  foundation  for  the  study  of  the  more 
general  problem  of  sound  propagation  and  scattering  in  an  inhomogeneous 
ocean  waveguide.  Some  of  the  major  thrusts  are  propagation  over  rough 
and  sloping  ocean  bottoms,  scattering  from  rough  ocean  surfaces,  dif¬ 
fractive  and  resonant  scattering  from  high-aspect-ratio  targets,  and  scat¬ 
tering  from  targets  in  a  shallow-water  waveguide.  The  research  in  these 
areas  includes  design  and  support  of  experiment,  as  well  as  fundamen¬ 
tal.  theoretical  studies. 


Introduction 

The  primary  purpo.se  of  NORDA's  efforts  is  to  con¬ 
duct  basic  research  and  exploratory  development  on  under¬ 
water  acoustic  models  of  interest  to  the  Navy.  Theoretical 
acoustics  and  modeling  support  of  other  researchers  within 
NORDA  and  of  other  Navy  laboratories  is  also  a  major 
effort. 

In  the  10  years  that  NORDA  has  been  in  operation, 
studies  in  ocean  bottom  reflectivity,  ocean  propagation 
(both  range  independent  and  range  dependent),  free-space 
scattering  and  scattering  in  a  waveguide  have  been  con¬ 
ducted.  The  results  of  studies  performed  in  each  of  these 
categories  has  helped  to  build  a  .strong  foundation  for  the 
present  and  future  research  efforts  at  NORDA. 

Discussion 

Ocean  bottom  reflectivity 

For  many  years  underwater  acoustic  propagation  was 
studied  only  for  deep  water  scenarios.  Recently,  many  ex¬ 
periments  in  shallow  water  propagation  have  taken  place. 
In  shallow  water  propagation,  the  interaction  of  sound  with 
the  sea  floor  is  a  very  important  mechani.sm.  NORDA 
scientists  have  studied  acoustic  bottom  interactions  so  that 
a  better  understanding  of  the  physics  could  be  gained. 


Mode  theory  reflection  coefficients  for  the  bottom,  com¬ 
parison  of  mode  and  ray  theory  for  completely  absorbing 
bottoms  and  periodically  stratified  ocean  bottoms  were 
.some  of  the  early  studies  performed. 

The  effect  of  the  lateral  wave  on  bottom-loss  measure¬ 
ments  was  a  major  study.  The  Sommerfeld  model  (isospeed 
half-space  wati-r  column  over  i.sospeed  half-space  bottom) 
was  examined  to  determine  the  effects  of  the  lateral  wave 
on  bottom  loss  measurements.  Results  of  the  study  showed 
the  following: 

•  The  “measured"  reflection  coefficient  is  geometry 
dependent.  This  dependence  was  found  to  be  true,  not 
only  for  the  Sommerfeld  model,  but  al.so  for  a  more  com¬ 
plex  model,  viz.,  an  isospeed  half-space  overlying  a 
geophysical  bottom. 

•  Interference  effects  occur  for  incident  angles  greater 
than  the  critical  angle  where  the  lateral  wave  is  present 
and  a  monotone  transition  to  the  Rayleigh  reflection  coef¬ 
ficient  occurs  for  incident  angles  less  than  the  critical  angle. 
In  addition,  this  interference  region  (.saddle  point  greater 
than  the  critical  angle)  .shows  negative  bottom  loss— 
another  effect  due  to  the  experimental  geometry  and 
observed  in  experiments— which  has  Ix-en  a.sstxiated  with 
bottom-generated  cau.stics.  These  interference  effects  are 
shown  in  Figure  1 .  where  a  comparison  is  made  between 
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Figure  1.  The  bottom  loss  versus  the  inferred  bottom  loss,  using  the  seismic  technique,  for  the  Sommerfield  model. 


the  Rayleigh  reflection  coefficient  and  Curve  A,  which 
resulted  from  this  study. 

•  This  study  identified  the  origins  of  the  differences 
and  resolved  the  discrepancies  between  results  from 
published  studies  by  Stickler  and  the  well-known  text  by 
Brekhovskikh  (as  shown  by  Curve  B  in  Fig.  1 ,  which  was 
obtained  from  Brekhovskikh  and  Stickler’s  works). 

Ocean  propagation 

Range  irsdependent  propagation — The  study  of  range- 
independent  propagation  problems  is  especially  valuable 
to  understanding  underwater  acoustic  propagation.  Range- 
independent  problems  can  be  solved  exactly  and  thus  con¬ 
stitute  a  standard  by  which  range-dependent  solutions  can 
be  evaluated  when  applied  to  range-independent  cases.  Nor¬ 
mal  mode  solutions  and  the  Fast  Field  Program  (FFP)  are 
two  exact  .solutions  that  have  been  utilized  quite  exten¬ 
sively  by  NORDA.  A  fully  complex  mode  program  has 
been  developed  and  used  to  study  bottom  attenuation  and 
target  localization.  The  SAFARI  FFP  computer  algorithm, 
originally  developed  at  the  SACLANT  Research  Centre 
(SACLANTCEN)  for  exaa  underwater  propagation  model¬ 
ing  of  continuous  wave  signals,  has  been  extended  to  a 
more  general  applications  computer  code  that  now  includes 


broadband  pulse  and  seismogram  synthesis.  This  work  was 
accomplished  through  a  joint  NORDA-SACLANT  effort. 

In  deriving-a  correction  to  the  perturbative  treatment 
of  bottom  attenuation  for  shallow-water,  low-frequency 
conditions,  comparisons  have  been  made  between  a  per¬ 
turbative  and  a  total  treatment  of  bottom  attenuation  in 
a  normal  mode  expansion  for  a  representative  shallow- 
water,  low-frequency  problem.  The  exact  treatment  intro¬ 
duced  bottom  attenuation  through  complex  sound  speeds 
and,  thus,  complex  depth  functions,  whereas  the  pertur¬ 
bative  approach  used  real  sound  speed  to  obtain  real  depth 
functions  and  then  introduced  mode  attenuation  only  in 
the  range  function.  Transmission  loss  calculations  resulting 
from  the  two  approaches  could  disagree  significantly  near 
the  cutoff  frequency  when  only  a  few  modes  were  pres¬ 
ent.  When  more  than  a  few  modes  were  present,  the  other 
modes  dominated  the  mode  nearest  cutoff;  although  this 
nearest  mode  was  in  error,  it  did  not  seriously  affect  the 
results.  For  the  cases  where  the  perturbative  and  exact 
solutions  differed  significantly,  the  error  in  the  perturbative 
approach  was  mostly  due  to  an  incorrect  normalizing  fac¬ 
tor,  with  mode  attenuation  differences  accounting  for  a 
much  lesser  part  of  the  error.  A  correction  term  to  the 
mode  normalization  factor  was  derived  for  the  case  of  an 
isospeed  half-space  with  attenuation.  This  correction  term 
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improved  the  results  from  the  perturbative  solution  both 
in  phase  and  in  magnitude.  The  correction  term  had  the 
added  advantage  of  being  composed  of  terms  easily  obtain¬ 
able  from  the  perturbative  solution.  The  results  were  ex¬ 
tendable  to  any  layered  bottom  with  attenuation,  which 
terminated  in  an  isospeed  half-space.  In  Figure  2,  line  (a) 
is  the  exact  result,  (b)  is  the  perturbative  result,  and  (c) 
is  obtained  from  applying  the  correction  factor  to  the  per¬ 
turbative  result. 

Target  depth  classification  by  modal  decomposition  and 
correlation  has  also  been  studied.  Various  methods  were 
used  to  classify  and  localize  submarine  targets  using  real¬ 
time  information  from  acoustic  sensors.  A  study  was  made 
using  another  technique,  which  utilized  the  environment 
and  its  variability  to  exclude  (theoretically)  all  possible 
target  depths  except  the  correct  one.  The  method  involved 
synthesizing  the  normal  modes  using  the  best  available 
sound  speed  profile  and  geoacoustic  model  as  inputs  to 
a  complex  normal  mode  model.  Both  single  frequency  and 
broadband  fields  could  be  modeled.  These  synthesized 
modes  were  sampled  in  depth  (or  range)  to  form  a  suite 
of  replicas.  The  synthesized  replicas  were  then  correlated 
with  the  modally  deconvolved  incoming  data  having  the 
same  spatial  sampling  as  the  replicas.  The  ambiguity  sur¬ 
face  showed  relatively  high  correlation  for  replicas  having 
the  target's  true  depth. 

The  SAFARI  FFP  model  mentioned  above  has  been 
used  to  study  towed  array  response  to  ship  noise  for  ap¬ 
proximate  inverse  modeling  and  to  simulate  and  perform 
geoacoustic  pulse  studies  of  very  low  frequency  bottom 
interaction. 

Range-dependent  propagation — Range-dependent 
acoustic  propagation  problems  are  generally  not  amenable 
to  exact  solutions.  However,  the  importance  of  obtaining 
very  good  approximate  solutions  cannot  be  understated. 


since  the  vast  majority  of  propagation  problems  in  under¬ 
water  acoustics  is  range  dependent.  NORHA  has  made 
major  contributions  to  solutions  of  range-dependent  prop¬ 
agation  problems.  The  parabolic  equation  (PE)  model  pro¬ 
vides  a  good  approximation  to  the  solution  of  range- 
dependent  problems.  The  accurate  of  the  PE  model  has 
been  significantly  improved  by  the  addition  of  wide-angle 
capability.  Wide-angle  PE  has  been  used  in  cases  where 
other  models  could  not  be  used.  As  a  result  of  the  NORDA- 
sponsored  PE  workshop,  it  became  clear  that  a  nc^d  for 
a  benchmark  solution  was  needed  to  evaluate  range- 
dependent  solutions  in  underwater  acoustics. 

NORDA  has  responded  to  the  need  for  a  range- 
dependent  benchmark  by  developing  a  fully  coupled  nor¬ 
mal  mode  model.  The  coupled  mode  model  contains  the 
effects  of  both  forward  and  backscatter  and  all  the  cross 
coupling  between  waterborne  and  bottom-interacting 
modes.  The  coupled  mode  model  has  been  used  to  show 
when  the  PE  approximation  is  valid  and  when  it  fails.  The 
coupled  mode  model  has  been  extended  to  be  useful  on 
its  own.  The  coupled  mode  method  has  bt'en  used  to  study 
.scattering  due  to  bottom  roughness  and  the  simultaneous 
effect  of  mode  coupling  and  refraction.  The  latter  develop¬ 
ment  has  the  capability  of  accurately  mtxleling  realistic 
basin -shelf  propagation. 

A  third  new  range-dependent  model  currently  under 
study  by  NORDA  is  range-dependent  FFP  This  model, 
like  the  PE  model,  is  a  one-way  solution  to  the  wave  equa¬ 
tion.  However,  unlike  the  PE  model.  FFP  is  an  exact  solu 
tion.  Thu.s.  the  range-dependent  FFP  model  can  serve  as 
a  check  on  the  computationally  faster  PE  mixlel. 

Free-space  scattering 

Various  numerical  ttxhniqucs  and  their  u.se  in  the  exten 
sion  of  T-matrix  and  null-field  approaches  to  scattering  have 


Figure  2.  A  comparison  of  transmission  loss  as  a  function  of  range  for  low  frequency  shallow  water  conditions. 
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been  extensively  investigated  at  NORDA.  A  number  of 
numerical  and  theoretical  techniques  have  bt'en  developed 
that  extend  the  range  of  applicability  of  these  methods 
beyond  the  conventional  approach. 

Scattering  from  submerged  objects  consisting  of 
separable  boundaries,  such  as  spheres  and  infinite  cylinders, 
is  amenable  to  closed-formed  solution  by  normal  mode 
theory.  Results  from  extensive  investigations  of  these  ob¬ 
jects  have  been  extremely  fruitful  in  understanding  reson¬ 
ance  phenomena,  background  contributions  in  the  absence 
of  resonances,  and  geometrical  effects  that  give  rise  to  dif¬ 
fraction  phenomena.  However,  when  one  wishes  to  ex¬ 
amine  arbitrary  shapes,  it  is  nece.ssary  to  re.sort  either  to 
approximate  theories  (valid  under  limiting  assumptions) 
or  numerical  methods  that  adequately  treat  the  problem 
in  question.  It  has,  in  fact,  proven  very  difficult  to  describe 
scattering  from  general  objects  without  resorting  to 
frequency-limiting  approximations.  In  this  research  effort 
a  numerical  procedure  was  developed— namely,  the  ex¬ 
tended  boundary  condition  (EBC)  method,  together  with 
its  applications  for  treating  a  variety  of  problems.  The 
methcxl  was  established  by  Waterman  for  electromagnetic 
scattering  in  1965,  and  was  extended  to  acoustical  scat¬ 
tering  by  him  in  1969.  It  is  sometimes  referred  to  as  the 
null-field  method  in  electromagnetism,  the  field  equivalent 
principle,  or  more  generally  as  the  T-matrix  method.  This 
last  nomenclature  is  unfortunate,  since  any  of  a  variety 
of  methods  can  lead  to  a  transition  matrix  relating  the 
scattered  to  the  incident  field,  while  the  EBC  or  null-field 
terminology  more  properly  reflects  the  fact  that  one  is 
employing  a  boundary  integral  tc'chnique. 

Some  of  the  salutary  features  of  this  approach  are  that 
the  method  yields  unique  solutions  to  the  exterior  prob¬ 
lem;  the  transition  matrix  is  independent  of  the  incident 
field;  the  method  is  not  frequency-limited,  although  it  is 
more  efficient  for  intermediate  frequencies;  the  method 
can  work  (or  a  large  variety  of  shapes. 

To  represent  the  final  results  in  terms  of  matrices,  one 
expands  all  appropriate  physical  quantities  in  terms  of  par¬ 
tial  wave  basis  states  and  includes  expan.sions  for  the  inci¬ 
dent  and  scattered  fields  and  the  surface  quantities  (i.e., 
surface  displacement,  surface  tension,  etc.).  The  methcxl 
then  utilizes  the  Huygen-Poincare  integral  representation 
for  both  the  exterior  and  interior  solutions,  leading  to  the 
required  matrix  equations.  One  thus  deals  with  matrix 
equations,  the  complexity  of  which  depends  on  the  nature 
of  the  problem.  We  have  shown,  however,  that  in  general 
a  tran.sition  matrix  T  can  be  obtained  relating  the  inci¬ 
dent  field  A  with  the  scattered  field  /  having  the  form 
T  =  PQ  ,  where  /  =  TA .  The  structure  of  Q  can  be 


quite  complicated  and  can  itself  be  composed  of  other 
matrix  inversions  such  as  arise  from  layered  objects.  We 
have  developed  improvements  in  this  method  appropriate 
for  a  variety  of  physical  problems,  and  on  their  implemen 
ration.  We  have  conducted  research  for  scattering  from 
very  elongated  submerged  objects  and  resonance  scatter 
ing  from  elastic  solids  and  shells.  Significant  structural 
improvements  have  bc*en  made,  such  as  the  couplcxl  higher 
order  method  and  the  unitary  method,  which  lead  to  more 
tractable  forms  of  the  tran.sition  matrix  enabling  one  to 
avoid  matrix  inversions  and  other  numerical  problems. 
The  final  improvement  concerns  eigenfunction  expansions 
of  .surface  terms,  arising  from  .solution  of  the  interior  prob¬ 
lem,  obtained  via  a  preconditioning  technique.  This  effec¬ 
tively  reduces  the  problem  to  that  of  obtaining  eigenvalues 
of  a  Hermitian  operator. 

This  formalism  has  been  developed  for  scattering  from 
targets  that  are  rigid,  sound-soft,  acoustic,  elastic  solids, 
elastic  shells,  and  clastic  layered  objects.  We  present  two 
sets  of  the  more  interesting  results.  The  first  concerns 
scattering  from  elongated  objects,  the  second  to  thin  elastic 
spheroids. 

Figure  ?>  illustrates  scattering  from  a  spheroid  with  aspcx:t 
ratio  .50  for  a  KLI2  value  of  30.  Here  K  is  the  incident 
wavenumber  and  L  the  object  length.  We  show  the  case 
of  scattering  along  the  axis  of  symmetry  and  30“  and  60" 
relative  to  the  axis  of  symmetry  and  broadside.  Elonga¬ 
tion  efftx'ts  at  .30"  and  (rO"  are  particularly  noticeable  where 
the  reflected  wave  occurs  at  the  same  angle  as  the  inci¬ 
dent  wave  relative  to  the  symmetry  axis,  similar  to  the 
plane  .scattering  ca.se.  At  0"  and  90"  the  flux  is  allowed 
to  proceed  mainly  in  the  forward  direction,  with  broad¬ 
side  scattering  creating  the  greatest  disturbance. 

Figure  4a  shows  resonance  phenomena  from  backseat - 
tering  from  a  very  thin  aluminum  spheroid,  plotted  agaiast 
KIJ2.  Scattering  here  occurs  along  the  axis  of  symmetry 
for  a  .spheroid  of  aspect  ratio  .3.  Bccau.se  of  the  thin  nature 

the  object,  its  scattering  respon.se  is  like  that  of  a  sound- 
.soft  object  in  the  absence  of  resonance.  This  response  is 
verified  by  subtracting  the  .sound-soft  background  from 
the  exact  elastic  calculation,  leaving  only  the  rc.sonance 
response  (Fig.  4b).  Figure  4c  is  a  plot  of  relative  phase 
for  the  elastic  and  .sound-.soft  calculations.  Note  that  the 
phase  is  almost  zero  except  at  a  resonance,  where  it 
undergoes  a  rapid  pha.se-change  of  180".  typical  of  this 
type  of  re.sonance. 

Another  study  involving  scattering  in  a  free-spacc  en¬ 
vironment  is  the  Arctic  high-frequency  acoustic  ice  keel 
mtxiel  study.  This  mcxiel  stcxhastically  descriltes  the  three 
dimensional  backscattered  field  (by  means  of  target 
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Figure  3a.  Scattering  along  axis  of  symmetry  of  spheroid. 
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Figure  3c.  Scattering  at  60  °  relative  to  the  axis  of  symmetry 
of  spheroid. 

strength)  that  results  from  an  ice  keel.  This  model  was 
improved  by  including  different  po.ssible  facet  rotation 
schemes  and  by  incorporating  realistic  physical  represen¬ 
tations  of  the  ice  in  the  model. 

Scattering  in  a  waveguide 

The  field  due  to  a  constant  sound  source  together  with 
the  inherent  noise,  can  be  monitored  very  preci.sely  for 
certain  underwater  regions.  If  an  object  intrudes  within 
the  region,  the  field  is  perturbed;  therefore,  the  intruding 
object  can  be  detcxted  and  located.  This  “burglar  alarm” 
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Figure  3b.  Scattering  at  30°  relative  to  the  axis  of  symmetry 
of  spheroid. 
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Figure  3d.  Broadside  scattering  from  a  spheroid. 

concept  is  currently  under  investigation.  Expertise  gained 
in  bottom  reflectivity,  ocean  propagation,  and  free-space 
scattering  is  being  applied  to  this  problem.  Plans  are  under¬ 
way  for  the  development  of  an  engineering  type  model 
that  will  assist  in  experiment  design.  This  project  will  be 
followed  by  an  exact  calculation  of  an  object  in  a  half-space. 

Future  directions 

NORDA  will  continue  to  contribute  to  the  technical 
base  in  theoretical  acoustics  and  numerical  techniques  as 
applied  to  modeling  underwater  sound,  to  support 
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Figure  4a.  Form  function  plot  of  elastic  spheroid  end  on 
incidence. 
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Figure  4b.  Resonance  reponse  of  elastic  spheroid  end-on 
incidence. 


experimental  design  and  interpretation,  and  to  evaluate 
new  systems  concepts.  Specific  areas  of  interest  are 
stochastic  modeling,  realistic  environmental  modeling,  and 
volume  acoustic  field  modeling. 

The  objective  in  volume  acoustic  field  modeling  is  to 
analyze  and  model  the  three-dimensional  acoustic  field  on 
a  local  to  regional  basis.  In  some  cases  knowledge  of  per¬ 
tinent  parameters  will  be  limited.  Knowledge  and 
understanding  of  the  oceanic  processes  within  the  volume 
will  be  used  to  support  parameter  selection.  It  is  further 
desirable  that  the  model  be  portable  so  that  it  can  be  used 
aboard  ships.  The  difficulty  of  such  an  endeavor  is  obvious, 
but  the  benefits  are  enormous.  Such  capability  would  add 
a  new  dimension  to  underwater  prediction  and  surveillance. 

Stochastic  modeling  of  the  acoustic  field  and  its  interac¬ 
tions  with  boundaries  is  an  area  that  will  be  explored.  Such 
boundaries  as  the  underice  interface,  the  marginal  ice 
zones,  and  rough  sea  surfaces  and  ocean  bottoms  cannot 
be  accurately  modeled  by  deterministic  methods. 

As  acoustic  models  become  more  sophisticated  and  as 
computationally  faster  computers  with  larger  memory 
capability  become  available,  real-world  scenarios  become 
feasible.  Modeling  the  interaction  of  acoustic  waves  with 
highly  complex  boundaries  (including  such  properties  as 
shear,  porosity,  grain  size,  anisotropy,  etc.)  are  possible. 
Three-dimensional  models  that  model  whole  volumes  of 
the  world’s  oceans  are  needed.  Models  that  include  all 
of  the  acoustically  significant  physics  will  be  required.  In 
all  of  these  areas,  highly  accurate,  complete  models  will 
be  needed  as  baselines  by  which  to  evaluate  the  accuracy 
of  approximate,  but  more  computationally  efficient,  models 
and  to  undertake  detailed  sensitivity  analyses  unavailable 
by  other  means.  NORDA’s  task  will  remain  the  same, 
i.e.,  to  research,  develop,  and  assist  in  the  transition  of 
acoustic  models  that  serve  the  Navy. 


Figure  4c.  Relative  phase  between  elastic  thin  shell  and  sound 
soft  object. 
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Recent  Advances  in  Application 
of  Acoustic  Models 

Edward  A.  Estalote,  George  A.  Kerr,  and  David  B.  King 
Numerical  Modeling  Division 

Abstract 

Using  acoustic  models  to  simulate  the  action  of  the  environment  on  acoustic 
propagation  has  been  a  major  activity  of  NORDA  since  its  beginning.  The  basis 
of  acoustic  application  modeling  is  the  use  and  adaptation  of  models  and  prin¬ 
ciples  produced  by  the  research  community  to  “real-world  problems.”  To  carry 
out  this  program,  a  large  collection  of  acoustic  models  and  environmental  data 
is  required.  Over  several  years  the  number  and  quality  of  the  models  has  in¬ 
creased  dramatically.  The  quality,  geographic  coverage,  and  resolution  of  en¬ 
vironmental  data  bases  have  also  increased  to  such  an  extent  that  application 
modeling  can  be  done  for  situations  and  locations  that  could  not  have  been  con¬ 
sidered  previously.  NORDA  has  many  acoustic  models  and  automated  data  bases 
available  for  use  by  the  research  community. 


Introduction 

Over  the  last  10  years  the  application  of  acoustic  models 
to  ocean  problems  has  increased  both  in  scope  and  in  the 
complexity  of  the  tools  available.  Since  its  beginning, 
NORDA  has  used  acoustic  models  to  address  single-issue 
questions,  as  well  as  to  perform  acoustic  model  studies 
of  large  ocean  areas.  Due  to  the  variety  of  problems  that 
have  been  addressed  over  the  years,  NORDA  has  acquired 
an  extensive  collection  of  acoustic  models  and  automated 
environmental  data  bases.  The  models  vary  from  simple, 
with  limited  applicability,  to  complex.  The  data  bases  have 
evolved  from  those  with  limited  applicability  to  those  with 
extensive  geographic  coverage. 

Some  tasks  require  acoustic  model  surveys  of  large  ocean 
areas;  thus  numerous  model  simulations  are  carried  out. 
This  effort  requires  numerous  user  inputs  and  is  subject 
to  human  errors.  To  minimize  these  errors,  the  NORDA 
Acoustic  Model  Operating  System  (NAMOS)  was 
established.  NAMOS  is  a  menu-driven  operating  system 
that  enables  the  user  to  make  many  model  runs  with  max 
imum  flexibility  in  selecting  the  environmental  data  and 
the  appropriate  model.  Also,  area-wide  surveys  tend  to 
collect  a  large  amount  of  oceanographic  data  that  is  not 
always  in  the  appropriate  form  for  acoustic  .simulation 
studies.  To  help  with  analyzing  and  reformatting  data. 


NORDA  developed  the  Naval  Oceanographic  Raw  Data 
Analysis  and  Processing  System  (NORDAK).  NORDAPS 
helps  the  oceanographer  to  select,  analyze,  and  re-form 
data  into  a  format  that  is  the  most  compatible  with  the 
acoustic  models. 

The  Basic  Acoustic  Model  User  Support  (BAM  US)  Pro¬ 
gram  is  used  to  address  short-term  or  single-issue  projects. 
Through  this  program,  the  acoustic  models  and  data  bases 
resident  at  NORDA  are  made  available  to  the  ASW  com 
munity.  Requests  for  specific  acoustic  predictions  are  pro¬ 
vided  to  naval  organizations  and  those  companies  under 
contract  with  the  Navy. 

Models  and  data  bases 

NORDA  has  an  extensive  number  of  resident  acoustic 
models.  An  appropriate  question  at  this  point  would  be: 
Why  does  the  Navy  need  an  extensive  number  of  acoustic 
models?  The  answer  is  that  all  models  use  simplifying 
assumptions  and  thus  are  approximations  to  the  real 
physical  ocean  environment.  It  is  up  to  the  user  to  take 
these  assumptions  into  account  and  decide  which  model 
is  most  appropriate.  Some  factors  must  be  considered; 

•  Can  the  environment  be  approximated  as  range  in¬ 
dependent.  or  must  the  variations  be  taken  into  account? 

•  What  is  the  frequency  of  interest? 
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•  How  accurate  does  the  answer  have  to  he? 

•  What  form  does  the  answer  have  to  he  in;  e.^..  will 
transmission  loss  he  enough  or  is  complex  pressure 
required? 

•  How  much  computer  resources  are  you  willing  to 
spend  ? 

The  acoustic  models  fall  into  three  separate  categories; 
propagation  (transmission)  loss  models,  ambient  noise 
models,  and  system  performance  models.  For  a  full  ex¬ 
planation  of  the  different  models,  .sex*  Estalote  (1984)  where 
a  model  synopsis  and  references  to  primary  sources  of  in¬ 
formation  arc  available. 

Propagation  loss  models 

The  propagation  loss  models  can  be  divided  into  subsec¬ 
tions  using  the  type  of  phy.sics  that  is  being  used  as  a 
criterion.  Generally  the  models  use  either  physics  based 
on  ray  theory  or  wave  theory.  There  are  also  hybrid  mcxiels 
that  are  combinations  of  both  ray  and  wave  theory.  Fur¬ 
ther  separation  may  al.so  be  accomplished  by  whether  or 
not  the  model  will  handle  an  environment  that  is  a  func 
tion  of  range.  Table  1  lists  the  propagation  loss  models 
and  how  they  separate  into  the  different  categories. 

Table  1.  Propagation  loss  models. 


Model 

Range 

Dependency* 

Model  Physics 

Ray  Solution  Wave  Solution  Hybrid 

FACT 

Rl 

X 

RAYMODE 

Rl 

X 

NLNM 

Rl 

X 

COMODE 

Rl 

X 

FFP 

Rl 

X 

CRITICAL 
ANGLE  PE 

RD 

X 

IFDPE 

RD 

X 

PARED 

RD 

X 

MPP 

RD 

X 

GRASS 

RD 

X 

MEDUSA 

RD 

X 

ASTRAL 

RD 

X 

*  Range  dependent  (RD) 

Range  Independent  (Rl) 

Ambient  noise  models 

Ambient  noise,  by  its  very  nature,  is  a  difficult  process 
to  mcKiei  properly.  Several  different  mechanisms  ctintrilnue 
to  the  total  noise  field.  For  low  frequencies  (  <200  H/.). 
shipping  contributes  the  largest  share  of  the  noise,  rhus. 
to  model  the  noise  properly  some  accounting  ot  the  ships 
by  type  and  location  must  be  done.  NORDA  b.is  ship 


count  data  bases  that  are  resolved  both  temporallv  and 
spatially,  which  are  instrumental  in  pnxlucing  noise  predic 
tions.  N'ORDA  presently  has  ftiur  noise  models;  FANM. 
CNOISF:.  DAN'FS.  and  BEAMFL. 

The  FANM  (Fast  Ambient  Noise  Model)  is  a  noise 
mtxlel  that  uses  and  internally  generates  range-indepc-ndent 
transmission  loss  convolved  with  the  noi.se  sources  (ships 
and  wind)  to  produce  both  vertical  and  horizontal  noise 
calculations.  The  model  uses  user-supplied  factors  of 
minimum  depth  and  minimum  depth  excess  to  account 
for  topographic  interference.  Essentially  the  model  stops 
counting  noise  sources  when  the  desired  values  are  reachc*d. 

The  CNOISE  model  has  no  internal  transmission  loss 
capability.  Provisions  arc  made  to  u.se  an  externally 
generated  transmission  ktss  file.  The  CNOISE  model  just 
convolves  the  noise  source  (ships  only)  with  the  user  sup 
plied  data.  The  model  will  allow  for  different  transmis 
sion  loss  calculation  as  a  function  of  bearing.  CNOISE 
can  provide  only  horizontal  noi.se  calculations. 

The  DANES  (Directional  Ambient  Noise  Estimation 
System)  model  is  a  subset  of  the  Automated  Signal  Ex 
cess  Prediction  System.  This  model  calculates  horizontal 
ambient  noise  using  ASTRAL  as  the  transmission  loss 
model.  It  also  has  its  own  environmental  data  bases,  iii 
eluding  ship  counts. 

The  BEAMPL  model  can  provide  beam  noise  statistics 
for  a  lx*am  using  random  ship  traffic  on  user  supplied  ship 
tracks. 

System  performance  models 

Producing  performance  predictions  for  svstems.  both 
active  and  passive,  requires  calculating  not  only  transmis 
sion  loss,  but  also  other  such  (actors  as  re\erheration  or 
noise.  The  systems  also  require  the  use  of  be.tm  p.itterns 
and  other  system  specific  inlormation.  NORD.X  h.is  toe 
models  available  for  svstem  specific  c.ikul.ition.  Note  th.it 
some  system  specific  calculations  can  .ind  h.oe  been  in.ide 
bv  combining  the  results  of  other  .itoustic  models,  sir  h 
as  PE  and  CNOISE. 

NISSM II  (active system)  .NI.SSM  II  iNaw  Interim  Sin 
face  Ship  Model)  has  been  desitjn.ited  .is  tbe  N.o  \  Iniernn 
Standard  tor  calculating  pertorm.ince  of  ship  son.iis  It  is 
used  to  prcxlict  tvho  and  rewrlxT.ition  lesi’K  ,ind  is  i..i|\il'k' 
of  predicting  iletection  prob.ibility  whiai  eio  ironment.il. 
target,  and  sonar  system  jvir.imeters  are  defineil.  I  he  ose.in 
bottom  is  modeled  as  a  fkit.  specul.irlv  retli'cling  surf. Re 
with  the  bottom  loss  represiaiteil  .is  .i  r.mge  inikpeiulent 
function  of  grazing  .ingle.  \’okime  .ibsoriition  .ind  surf. ice 
losses  are  also  incor|X)r.iteil  in  the  moslel.  Fbe  sound  speed 


profile  is  described  by  a  continuous  function,  and  jjradients 
are  to  the  input  sound  speed  at  discrete  depths. 

SHARPS-III  (active  SHARPS-III  (third  genera¬ 

tion  Ship-Helicopter  Acoustic  Range  Prediction  System) 
is  an  active  system  model  used  for  making  daily  forecasts 
of  detection  ranges  for  a  variety  of  active  and  passive 
sonars,  including  counterdetection.  In  the  prediction  of 
active  system  detcxrtion  ranges.  SHARPS-III  allows  the  user 
to  specify  the  prediction  mode,  e.g.,  direct  path,  bottom 
bounce,  or  convergence  7.one.  It  employs  a  ray  acoustic 
model  that  is  a  modified  version  of  NISSM  II,  which 
generates  the  transmis.sion  loss,  target  echo,  and  reverlx-ra- 
tion  curves  needed  for  the  detection  range  prediction. 

Generic  sonar  mo(iel~T\\Q  Generic  sonar  model  is  a 
computer  program  de.signed  to  predict  and  evaluate  the 
performance  of  various  sonar  systems.  It  has  significant 
prediction  capabilities  for  both  active  and  pa.ssive  systems, 
and  allows  the  u.ser  to  choose  from  an  a,s,sortment  of  models 
to  make  the  necessary  calculations.  The.se  models  include 
the  following: 

•  ocean  sound  speed  models 

•  surface/bottom  reflection  models 

•  volume  attenuation  models 

•  reverberation  models 

•  beam  pattern  models 

•  transmission  loss  models 

•  passive/active  signal  e:<cess  models 

•  ray  tracing 

It  should  be  noted  that  this  model  uses  a  modular  ap¬ 
proach  in  that  for  each  basic  function  (e.g..  surface  reflec¬ 
tion  coefficient)  a  number  of  choices  are  available  to  the 
user  (e.g..  table  lookup.  AMOS.  Marsh-Schulkin-Kneale. 
Beckmann-Spi/./.ichino). 

ACTIVE  RAYMODE- RAYMODE  is  used  to 
predict  signal  excess  f(,)r  active  sonar  systems.  It  uses  a 
modified  form  of  the  RAYMODE  propagation  loss  model 
(omits  the  normal  mode  portittn  of  the  model),  together 
with  user  input  sonar  parameters,  to  compute  echo  level 
and  reverberation. 

r.ikint;  these  into  acccnint.  t()gether  with  the  noise  (self 
noise  ami  ambient  noise)  and  the  reverberation  recogni¬ 
tion  dillerential.  the  signal  excess  is  calculated  as  a  tunc 
tioii  of  tr.oel  time  for  each  transmit/receive  beam  pair. 

ASEPS  (passive  system)  ASl'.PS  (Automateil  Signal  lix 
cess  Prediction  System)  is  a  system  of  computer  programs 
,md  siip|-Hirting  cl.it.i  b.ises  th.it  perform  .incl  displav  jxissive 
son.ir  c.ik  Illations.  Its  components  .ire 

•  D.A.Nl'S:  discussed  .ibove: 

•  ,ASI  R  1:  /\SrR.AI.  System  lor  the  Estimation  of 
R.idi.il  If.insmission  loss; 
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•  TASSRAP:  Towed  array  prexlictions  for  short  range's, 
uses  FACT  for  transmission  loss  and  DANES  for  ambient 
noise; 

•  EXTENDED  TASSRAP:  Towed  array  predictions 
for  long  ranges,  uses  ASTRAL  for  transmission  loss  and 
DANES  for  ambient  noise. 

This  collection  of  models  can  predict  horizontal/direc¬ 
tional  ambient  noise,  transmission  loss  (radials).  signal  ex¬ 
cess,  and  probability  of  detection  for  both  fixed  and  towed 
horizontal  arrays. 

Special  software 

NORDA  Acoustic  Model  Operating  System  (NAMOS) — 
The  Navy  has  many  different  acoustic  models  that  pro¬ 
duce  acoustic  predictions.  By  their  nature  these  models 
require  different  inputs,  and  the  inputs  are  required  in 
different  formats.  Different  models  are  required  because 
each  of  the  models  has  its  own  region  of  applicability  as 
well  as  its  own  strengths  and  weaknesses.  A  single  model 
(e.g..  transmission  loss)  that  is  applicable  for  all  situations 
and  cases  does  not  exist.  This  state  of  affairs  can  lead  to 
a  lot  of  wasted  effort  due  to  errors  and  the  cumbersome 
reformatting  of  inputs  for  different  models.  For  example, 
if  one  is  required  to  carry  out  an  acoustic  survey  of  an 
ocean  area,  several  different  models  may  be  required  to 
produce  the  results  required  to  give  the  necessary  infor¬ 
mation.  The  expense  in  manpower  and  time  can  be  pro¬ 
hibitive  in  running  the  same  problem  with  different  mixiels. 

The  NAMOS  system  was  designed  and  developed  to 
minimize  the  errors  and  the  time  required  to  carry  out 
acoustic  model  runs.  NAMOS  is  a  interactive  computer 
system  that  sets  up  a  batch  ninstream  to  exercise  the 
models.  The  basic  design  of  NAMOS  is  to  solve  the  sonar 
equation  bv  running  the  selected  models  for  each  element  's 
equation,  e.g..  transmission  loss,  ambient  noise,  etc.  z\t 
its  present  stage  of  development  NAMOS  can  extract  the 
required  environmental  data  from  the  data  bases,  and  run 
any  one  of  five  different  transmission  los  models  and  one 
ambient  noise  model. 

In  .iddition  to  NAMOS.  EAIDS  (Environmental 
Acoustics  Interactive  Displav  Svstem)  is  under  develop 
ment  to  provide  graphic  display  of  both  the  environmen 
tal  dat.i  bases  and  the  .icoustic  models.  This  interactive 
displav  svstem  when  fully  integrated  will  allow  the  I'diting 
and  tiispl.iy  of  any  part  of  the  dat.i  b.ises  presently  usetl 
bv  the  .NAMOS  models,  as  xki'll  .is  the  displ.iy  of  the 
.icoustic  model  output.  I  hi'Tolor  .An-.i  M.ipper  will  now 
ilisplav  .1  color  rr'preseni.ition  ot  shipping  densitv.  ilepih 
excess,  bathymetry,  .ind  bottom  cl.iss  lor  ,inv  .ire.i  ot  the 
northern  hemisphere.  h.AlDS  will  ,ilso  .iilow  inter, u in e 
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interpolation  of  sound  speed  profiles  along  a  great  circle 
path.  Graphic  display  of  acoustic  model  output  is  also  avail 
able  in  EAIDS.  PROFGEN  is  also  resident  in  EAIDS.  This 
module  will  permit  the  merging  of  bathythermographs 
to  historical  deep  profiles. 

NORDAPS—^NORDAPS  (Naval  Raw  Data  Analysis 
Processing  System)  is  an  interactive  software  package  that 
processes  and  displays  Field  Exercise  Data.  This  environ- 
mental  data  is  typically  obtained  from  oceanographic  plat¬ 
forms  u.sing  conductivity-temperature-depth  (CTD)  and/or 
expendable  bathythermograph  (XBT)  sen.sors.  The  data  is 
initially  recorded  on  analog  tape  and  is  then  proces.scxl  by  a 
shore  facility,  which  in  turn,  produces  the  digital  data  la[X‘s 
u.sed  by  NORDAPS.  This  raw  exercise  data  is  read,  refor¬ 
matted.  thinned,  filtered,  and  written  to  direct -access  data 
bases.  NORDAPS  provides  an  interactive,  menu-driven 
system  for  analyzing,  editing,  extracting,  plotting,  and  dis¬ 
playing  this  data.  The  primary  functions  of  NORDzVPS 
are  to 

•  extend  CTDs  to  the  bottom, 

•  attach  salinity  to  XBT  data. 

•  perform  ab.solute  difference  calculations  between 
bathythermographs  (BT's)  at  standard  depths. 

•  calculate  sound  speed  profiles. 

•  group  data  stations  into  transects. 

•  plot  BT  temperature  profile  against  all  CTD  profiles 
in  range. 

•  provide  interactive  editing  and  di.splaying  of  the  data, 

•  perform  retrievals  of  selected  data  sets  for  numerical 
model  inputs. 

NORDAPS  is  interfaced  to  a  relational  data  base  system 
(INGRES)  that  provides  ad  hoc  query  capabilities.  Inter¬ 
faces  are  provided  for  updating  the  RSVP  and  AUTO¬ 
OCEAN  data  bases  along  with  capabilities  to  interface  with 
the  NAMOS/EAIDS  systems.  EAIDS  is  currently  under 
development  and  will  allow  the  interactive  display  and 
modification  of  environmental  parameters. 

CHORDS  Thv  advent  of  new  high  resolution  digital 
recorders  has  led  to  the  requirement  to  develop  an  ac¬ 
curate  profile  thinning  algorithm  to  retain  the  acoustical 
ly  significant  profile  shape  while  reducing  the  number  of 
profile  points  to  a  manageable  size.  CHORDS  (Kerr.  1W1). 
a  new  temperature  and  sound  speed  profile  thinning 
algorithm,  was  developed  to  meet  this  requirement.  The 
profile  is  reduced  to  a  series  of  line  segments  constructed 
on  the  basis  of  the  difference  between  the  actual  profile 
and  the  existing  line  segments.  The  algorithm,  already 
in  use  in  several  weapons  systems,  scans  the  entire  pro 
file  in  each  iteration  but  retains  jirevious  results  to  in 
crease  the  algorithm's  speed. 


Environmental  data  bases 

Acoustic  models  require  environmental  inputs  to  pro¬ 
duce  simulations.  To  obtain  the  required  data  on  a  case-by¬ 
case  basis  is  both  time  consuming  and  error  prone.  To  min¬ 
imize  the  problems  of  obtaining  environmental  data.  NOR- 
DA  has  acquired  or  built  several  environmental  data  bases. 

AUTO-OCEAN—  AVTO-OCEAN  is  a  low-resolution 
gridded,  by  ‘3"  .sound  speed  and  wave  height  data  base 
covering  the  world’s  oceans  from  60'’S  to  (ifV'N  on  a 
seasonal  basis. 

STANDARD  OC£/lN— This  data  ba.se  is  u.sed  in  con¬ 
junction  with  existing  models  to  provide  automated 
retrieval  of  environmental  data  along  great  circle  paths 
in  the  same  manner  as  AUTO-OCEAN.  It  contains  syn¬ 
thetic  data,  as  opposed  to  the  measured  data  contained 
in  AUTO-OCEAN,  and  has  a  '  2"  resolution.  In  addition 
temperature  and  salinity  profiles  can  be  obtained. 

/fSKP— The  RSVP  (Repre.sentativc  Sound  Velocity  Pro 
file)  data  base  and  software  allows  users  to  select  represen¬ 
tative  sound  speed  profiles  by  region  and  date.  Sound  speed 
profiles  are  selected  on  the  basis  of  closeness  to  the  mean 
sound  .speed  profile  calculated  from  all  profiles  meeting 
the  query  requirements. 

SYNBAPS—SYNPAPS  (Synthetic  Bathymetric  Profil¬ 
ing  System)  is  a  data  base  designed  to  produce  rapid  genera¬ 
tion  of  bathymetry  along  any  great  circle  path.  It  is  a  finely 
gridded  data  base  with  a  resolution  of  5  minutes  (/12''). 
The  coverage  is  essentially  worldwide. 

H/rS— December  19S3  update  of  HITS  (Historical 
Temporal  Shipping)  is  a  ship-count  data  base  that  may 
be  automatically  accessed  to  provide  information  to  be 
used  for  ambient  noise  predictions.  The  resolution  of  the 
data  ba.se  is  1"  squares  by  ship  type.  The  area  of  applicability 
of  the  data  base  is  essentially  worldwide. 

AUTO- SHIPS- Amo  SEUPS  (1984  update)  is  a  ship 
ping  density  data  base  that  can  be  automatically  accessed 
by  the  ambient  noise  models.  The  coverage  is  essentially 
worldwide.  The  ship  count  lor  each  square  (1")  is  the 
weighted  sum  (by  ship  type)  of  the  HITS  data  base.  This 
data  base  has  the  following  additional  environmental 
information. 

•  bottom  class 

•  bathvmetry 

•  depth  excess 

•  wind  speed 

BAMUS  program 

The  Basic  Acoustic  Model  L>ser  Support  ]irogr.mi 
(BAMUSi  is  resident  .U  NORDA,  and  is  jointly  funded 
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on-shore  prediction  systems.  Each  arm  of  the  Navy  air. 
surface,  subsurface,  and  shore-based  facilities  had  their  own 
prediction  system  with  different  environmental  data  and 
different  models,  which  naturally  led  to  different  predic¬ 
tions,  As  a  first  step  toward  a  jJnal  of  consistent  results, 
an  environmental  data  base  was  created  to  serve  as  a  ma.ster 
for  all  environmental  data  bases  to  be  used  in  prediction 
systems.  The  premise  was  that  the  data  base  should  con 
tain  the  best  environmental  data  at  the  hi>>hcst  resolution 
po.ssible.  This  data  base  now  contains  seven  parts; 
Hi.storical  Ocean  Profiles,  Bottom  Loss,  Ocean  Floor 
Depth,  Volume  Scatterinj>  Strength.  Wind  Speed,  Shipp 
ing  Noi.se.  and  Wind  and  Residual  Noise.  After  the  com 
pletion  of  the  data  base  it  was  realized  that  there  was  m)t 
sufficient  data  of  all  kinds  for  all  areas.  A  further  analysis 
of  this  data  base  provided  a  series  of  maps  that  defined 
the  areas  of  data  paucity  and  laid  out  the  survey  re¬ 
quirements  (Kin^  et  al..  19B4)  for  each  data  base,  i.e.,  where 
and  what  types  of  data  are  required. 

Summary 

Major  strides  have  been  made  in  acoustic  modelin>>  over 
the  last  several  years.  The  field  has  matured  from  a  few 
models  with  limited  application,  environmental  data  bases 
of  low  re.solution.  and  limited  ^eo^raphic  coverage  tt)  a 
series  of  models  and  automated  environmental  data  bases 


that  make  the  application  of  models  to  real-world  situa¬ 
tions  more  credible.  Much  of  the  progress  can  lie  attributed 
to  increases  in  computing  power  that  have  become 
available.  With  a  look  toward  the  future  one  can  visualiz.e 
the  ability  to  do  exacting  predictions  as  the  environmen¬ 
tal  data  and  the  knowledge  of  the  processes  increase. 
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NORDA's  High-Frequency,  Shallow-Water 
Bottom  Scattering  Program 

Steve  F.  Stanic  and  Richard  H.  Love 
Ocean  Acoustics  Division 


Deep  ocean  acoustic  characteristics  of  signals,  noise,  and 
reverberation  are  significantly  different  from  shallow  or 
narrow  coastal  areas.  Thus,  attempts  to  extrapolate  deep 
ocean  data  for  use  in  shallow-water  applications  have  been 
disappointing.  The  proximity  of  the  boundaries,  the  in¬ 
creased  substrate  and  water  column  inhomogeneity,  and 
the  increased  density  or  influence  of  noise  sources  con¬ 
tribute  to  the  extreme  complexity  of  the  shallow-water 
acoustic  environment.  To  develop  naval  systems  that  can 
effectively  operate  in  shallow  water,  a  thorough  understand 
ing  of  the  interaction  of  environmental  and  acoustic 
parameters  is  es.sential. 

Because  the  sea  floor  is  a  major  factor  in  shallow-water 
environments,  NORDA  has  established  a  program  that 
focu.ses  on  the  relationships  between  seafloor  properties 
and  acoustic  scattering.  The  program  consi.sts  of  an  in¬ 
tegrated  series  of  acoustic  and  environmental 
measurements  designed  to  identify  and  i.solate  various  hot 
tom  scattering  mechanisms,  and  to  resolve  their  effects 
on  the  acoustic  back-  and  forward-scattered  fields.  Data 
from  these  measurements  .serve  as  a  basis  for  the  ongo¬ 
ing  development  of  shallow-water  environmental  acoustic 
models  for  use  in  exploratory  and  advanced  development 
programs. 

NORDA  has  u.sed  the  experti.se  available  in  the  offshore 
oil  indu.stry  to  design  and  con.struct  two  towable.  self¬ 
deploying.  acou.stic  instrumentation  support  structures  to 
ensure  the  succtess  of  this  program.  These  towers,  designed 
by  Petro  Marine  in  Gretna,  Louisiana,  are  3")  feet  long. 
20  feet  wide,  ,30  feet  high  and  weigh  17‘/2  tons  each. 

The  acou.stic  transmitting  system  uses  a  pair  of  nonlinear 
parametric  sources.  The  low  sidelobe  capabilities  of  these 
sources  make  them  ideal  for  shallow-water  boundary  scat¬ 
tering  measurements.  The  receiving  systems  consist  of 
two  16-hydrophonc.  two-dimensional  .spatial  arrays  with 
broadband  capabilities  to  200  kHz,.  The  attitude  of  each 
array  is  controlled  by  a  triaxial  positioning  system. 

The  acoustic  experiments  are  supported  by  a  detailed 
series  of  oceanographic  and  .seafl(X)r  geological  charactc-riza 


tion  measurements.  Side-scan  sonar  surveys  are  used  to 
IcKate  and  identify  possible  experimental  areas.  Once  an 
area  has  been  located,  high-resolution,  close-range,  side 
scan  .seasor  data  arc  utscxl  to  characterize  large  scale  fc^atures 
and  the  lateral  extent  of  the  experimental  site.  High- 
frequency  precision  bathymetric  profiles  define  the  large- 
scale  rrmghncss  and  slope  in  the  selected  area.  The  small- 
scale  roughness  properties  in  the  experimental  area  are 
obtained  from  diver-operated  stereo  camera  equipment. 
A  detailed  analysis  of  diver-collected  sediment  cores  and 
selected  in  situ  probe  measurements  provides  data  on  the 
sediment  parameters  needed  to  support  the  acoustic 
measurement  and  modeling  efforts.  Conductivity,  tem¬ 
perature.  depth,  and  current  measurements  are  u.sed  to 
continuously  monitor  water  mass  properties  for  acoustic 
propagation  conditions  in  the  water  column. 

Two  experiments  have  been  conducted  off  the  Florida 
coast.  The  first  experimental  site  was  a  homogeneous  area 
characterized  by  medium-grained  sand  that  contained  lit¬ 
tle  shell  content  and  minute  small-scale  surface  roughness. 
In  the  second  experimental  area  the  small-scale  surface 
roughness  was  only  the  result  of  large  shell  hash.  The 
other  bottom  parameters  were  similar  to  those  measured 
at  the  first  experimental  site.  A  third  experimental  site 
has  also  been  kKated.  In  this  area  the  small-scale  surface 
roughness  is  due  to  sand  waves. 

The.se  experimental  results  will  be  used  to  determine 
the  predictability  of  pertinent  bottom  parameters:  the 
spatial  and  temporal  variability  of  the.se  parameters  and 
the  extent  this  variability  significantly  affects  acoustic  scat¬ 
tering  measurements:  the  statistics  of  the  acou.stic  back- 
and  forward-scattered  fields  as  a  function  of  grazing  angles 
(3  .30").  frequency  (20-180  kHz),  pulse  length  (200 
/istv- 10  ms),  and  relevant  bottom  parameters:  the  predict 
ability  of  acoustic  bottom  scattering  given  the  relevant 
parameters:  and  modifications  that  mu.st  be  made  to 
available  lx)ttom  scattering  and  geoacoiistic  models  c)r  new 
mcKlels  that  need  to  be  developed. 
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The  program  results  will  provide  the  exploratory  and  and  models  cover  a  broad  range  of  tactical  weapons  fre- 

advanced  development  programs  with  high-quality  data  quencies  and  are  supported  by  high-quality  environmen- 

bases  and  models  needed  for  successful  shallow-water  tal  measurements, 
system  developments  and  operations.  The  acoustic  data 
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Arctic  Environmental  Acoustics 

Dan  J.  Ramsdaie  and  Joe  W.  Posey 
Ocean  Acoustics  Division 


Introduction 

Environmental  acoustics  measurements  and  models  in 
the  Arctic  are  driven  entirely  by  the  unique  nature  of 
the  ice  canopy.  The  most  constant  feature  about  the  ice 
is  its  variability,  both  spatially  and  temporally.  The  nature 
and  extent  of  the  ice  varies  seasonally  with  the  changing 
amount  of  sunlight  in  the  northern  latitudes.  Even  on  a 
small  scale,  the  thickness  of  ice  on  a  given  floe  can  range 
from  a  few  inches  to  tens  of  feet,  depending  on  the  age 
of  the  ice.  The  spatial  characteristics  of  the  ice  range  from 
the  permanent  pack  ice  of  the'  central  Arctic"  to  the 
marginal  ice  zones  where  ice  and  water  mix  and  are  driven 
by  the  local  wind  fields. 

One  of  the  challenges  facing  acousticians  at  NORDA 
is  to  sort  out  those  properties  of  the  Arctic  environment, 
particularly  those  of  the  ice  canopy,  which  are  relevant 
to  acoustic  propagation  and  which  serve  as  acoustic  noise 
sources.  These  properties  will  depend  on  the  acoustic  fre¬ 
quency  or  wavelength  of  interest.  In  the  high-frequency 
regime  (5-100  kHz),  the  scales  are  small  and  reflection 
with  the  complex  underice  surface  includes  the  considera¬ 
tion  of  microroughness,  penetration  into  the  ice,  and  the 
conversion  of  compressional  wave  energy  into  shear  waves 
at  the  ice-water  interface.  In  the  sonar  frequency  range 
(50  Hz- 5  kHz),  the  scales  of  interest  are  larger,  and  lower 
attenuation  allows  propagation  to  larger  ranges.  Here  im¬ 
portant  environmental  factors  include  the  ice  thickness, 
the  sonic  structure  of  the  ice  layer,  the  large-scale 
roughness,  and  the  number  and  orientation  of  ice  ridges. 
As  in  the  high-frequency  case,  the  issues  of  penetration 
of  acoustic  energy  into  the  ice  layer  and  conversion  at 
the  ice-water  boundary  are  important. 

NORDA  acousticians  are  addressing  these  problems 
with  a  balanced  approach  of  measurements  guided  by  the 
best  environmental  acoustic  models  available.  These 
measurements  are  designed  to  expand  the  data  base  in 
the  Arctic  and  to  allow  critical  testing  of  the  existing 
acoustic  prediaion  models.  Two  companion  research  pro¬ 
grams  are  being  pursued,  one  in  high-frequency  acoustics 
to  support  advanced  weapons  development  and  one  in  low- 


frequency  acoustics  to  support  advanced  sonar  system 
development.  The  following  sections  detail  the  modeling 
and  measurements  research  being  pursued  in  each  of  these 
efforts. 

Discussion 

Arctic  acoustic  models 

Sound  propagation  in  Arctic  waters  is  governed  by  the 
same  physical  laws  as  underwater  sound  propagation 
anywhere  in  the  world’s  ocean  basins.  Therefore,  special 
Arctic  models  need  not  be  developed  for  propagation  in 
the  water  column  or  for  interaction  with  the  sea  floor. 
However,  the  presence  of  sea  ice  is  significant  only  in  the 
polar  regions,  so  Arctic  acoustic  modeling  at  NORDA 
has  been  concerned  with  the  interaction  of  water-borne 
sound  with  sea  ice. 

The  acoustical  significance  of  the  water-to-ice  transi¬ 
tion  region  on  the  bottom  of  nominally  flat  sea  ice  has 
been  studied  using  a  model  that  allows  the  elastic  proper¬ 
ties  of  sea  ice  to  vary  in  the  vertical  but  not  in  the  horizon¬ 
tal  directions.  One  would  expect  that  the  thin  transition 
layer,  about  6  inches  thick,  would  be  important  at  high 
frequencies,  and  this  expectation  was  confirmed.  Surpris 
ingly,  however,  the  transition  region  was  found  to  be  im¬ 
portant  for  frequencies  as  low  as  1  kHz,  especially  at  low 
grazing  angles.  As  a  result  of  these  findings,  an  existing 
model  for  acoustic  backscatter  from  ice  keels  was  modified 
to  include  gradual  rather  than  abrupt  transitions  at  the 
ice  block  faces,  and  significant  changes  in  backscatter 
predictions  resulted.  Also,  long-range  propagation  calcula 
tions  were  made  for  sound  below  a  flat  ice  cover,  and  the 
inclusion  of  the  water-to-ice  transition  was  found  to  greatly 
increase  the  frequency  dependence  of  the  prcxlicted 
transmission  loss.  These  findings  highlight  the  net*d  for 
better  measurements  of  the  acoustic  prope.  *ies  of  sea  ice 
at  and  near  the  ice-water  interface. 

The  ice  keel  model  referred  to  above  represents  a  keel 
as  being  composed  of  many  randomly  oriented  blcxks 
which  act  as  independent  scatterers.  In  addition  to  the 
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inclusions  of  the  transition  region  discussed  above,  this 
model  has  been  upgraded  by  allowing  for  arbitrary 
stratification  within  the  blocks  and  by  providing  alternate 
block  rotation  schemes. 

Arctic  acoustic  measurements 

Acoustic  measurements  can  be  conducted  in  the  Arc¬ 
tic  from  ice  camps,  ice  breakers,  aircraft  (using  sonobuoys), 
and  submarines.  Ice  camps  and  icebreakers  severely  limit 
both  the  geographic  and  seasonal  range  of  measurements. 
The  sunless  Arctic  winter  is  too  hazardous,  and  the  sum¬ 
mer  ice  conditions  are  too  precarious  to  support  ice  camps 
and  breaker  activity.  Aircraft  afford  somewhat  better 
coverage  but  must  depend  on  finding  polynyas  (open  water) 
to  launch  sonobuoys.  The  submarine  platform  provides 
the  best  capability  for  year-round  acquisition  of  acoustic 
data  in  all  locations  in  the  Arctic. 

Conducting  scientific  measurements  from  an  ice  camp 
po.ses  unique  logistics  problems.  In  addition  to  equipment 
for  .scientific  experimentation,  all  habitability  equipment 
and  supplies  must  be  taken  to  the  ice  camp  location.  This 
transport  is  usually  done  by  means  of  aircraft  for  small 
camps  (6-12  people)  or  by  using  an  icebreaker  with 
helicopter  support  to  deploy  larger  camps  (approximately 
80  people).  Special  training  is  required  for  all  ice  camp 
personnel,  including  firearms  training  (in  the  unlikely  event 
of  a  polar  bear  incident),  Arctic  survival  training,  and 
emergency  medical  training. 

Over  the  last  two  years  NORI^A  acousticians  have  par¬ 
ticipated  in  two  ice  camp  expeditions  in  the  Arctic.  The 
first  camp  was  approximately  2‘5  nm  northeast  of  Bar- 
row,  Ala.ska.  The  purpose  of  this  camp  was  to  provide 
an  engineering  testbed  for  the  equipment  and  techniques 
used  in  deploying  acoustic  instrumentation  through  the 
ice.  A  four-hydrophone  vertical  line  array  was  deployed 
and  used  to  make  ambient  noise  measurements  and  also 
to  record  signals  from  lightbulb  implosions.  The  very  low 
ambient  noise  levels  in  the  Arctic  require  an  extremely 
quiet  preamplifier  and  .signal  conditioning  unit.  The  faired 
Kevlar  hydrophone  array  cable  proved  to  be  very  flexi¬ 
ble.  even  in  extreme  cold.  When  wet  cable  is  removed 
from  the  water,  however,  it  must  be  dried  in  a  warm  en 
vironment,  otherwise  icing  would  occur  and  render  the 
cable  quite  inflexible  and  difficult  to  handle. 

The  second  NORDA  acoustic  ice  camp,  shown  in 
Figures  1  and  2.  was  part  of  ICEX  1-86,  a  multilaboratory 
experiment  conducted  in  the  Beaufort  Sea  during  Octol)er 


1984.  During  this  second  exercise,  a  multidisciplinary  team 
of  NORDA  acousticians,  oceanographers  and  engineers 
deployed  four  vertical  line  arrays  of  hydrophones  shown 
schematically  in  Figure  .3.  Three  of  the  arrays  contained 
4  hydrophones  (a)  and  one  contained  16  (b).  The  4-element 
arrays  were  subsets  of  the  16-element  array  so  that 
coherence  of  the  acoustic  field  in  the  horizontal  direction 
could  be  measured.  The  16-element  array  was  configured 
to  be  a  minimal  redundancy  array  so  that  coherence  in 
the  vertical  could  lx?  measured  and  beamforming  perft)rmed 
to  examine  the  characteristics  of  individual  arrival  paths. 

A  basic  acoustic  experiment  conducted  by  NORDA 
scientists  during  ICEX  1-86  was  to  measure  the  reflec 
tion  lo.ss  versus  grazing  angle  for  frequencies  ranging  from 
460  to  2200  Hz  and  for  grazing  angles  from  6"  to  60". 
This  measurement  was  done  (shown  in  Fig.  4)  by  using 
a  digitally  coded  source  provided  by  the  University  of 
Miami.  The  unique  feature  of  this  particular  digital  code 
is  its  capability  in  the  dc-coding  process  to  i.scrlate  individual 
arrival  paths  for  a  single  hydrophone.  Ice  cores  were  taken 
along  the  transmission  path  from  source  to  receiver  and 
used  to  provide  ground  truth  measurement  i)f  ice  thickness, 
as  well  as  the  vertical  profile  of  temperature,  density,  and 
salinity  in  the  ice  core.  Even  over  the  short  distance  of 
KKK)  yds,  the  cores  revealed  a  great  deal  of  variability 
(e.g..  unfrozen  melt  ponds  were  mixed  with  the  ice  in  some- 
locations).  The  acoustic  reflectivity  results,  along  with  the 
ice  cores  and  measurements  of  the  underice  topography, 
will  provide  measured  valut-s  that  are  vital  to  tc-sting  under 
ice  acoustic  propagation  models. 

Additional  experiments  in  the  sonar  frequency  range 
during  ICEX  1-86  included  propagation  loss  using  both 
narrow-  and  broad  band  sources  and  broad  band  spatial 
coherence.  No  high-frequency  measurements  were  con 
ducted  at  ICEX  1  86, 

Future  plans 

NORDA  will  be  a  major  participant  in  ICEX  1  86. 
another  large,  multilalxtratory  series  of  expe-riments  in  the 
Arctic  conducted  during  the  spring  of  198(i.  NORDA  will 
conduct  experiments  in  three  environmentally  acoustic 
di-stinct  ItKations.  shallow  ice-covered  water,  deep  ice 
covered  water,  and  in  the  marginal  ice  zone  where  iie 
and  water  arc  mixe-d.  The  measurements  will  encompass 
both  .sonar  and  high-frequency  acoustics,  along  with  ice 
properties  and  ocean-bottom  sampling. 
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Vertical  Line  Array  Configurations 
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Fij^ure  j.  Schematic  of  vertical  line  arrays  of  hydrophones. 

Single  reflections 


Objective  Payoff 

•  Measure  single  reflection  arrivals  at  grazing  angles  •  Improve  prediction  capabilities  through  better  acoustic 

between  9°  and  60°  to  determine  underice  scatter-  model  inputs  of  scattering  loss 

ing  loss  vs.  grazing  angle  (d) 

Figure  4-  Reflection  loss  versus  grazing  angle  for  frequencies  of  4M)~22()()  Flz. 
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Ronald  A.  Wagstaff 
Ocean  Acoustics  Division 

Abstract 

Knowledge  of  the  ocean  acoustic  environment  in  which  the  Navy  must  operate 
is  required  to  predict  the  performance  of  a  sonar  system  or  to  optimize  its  use. 
This  knowledge  is  obtained  either  through  a  real-time  measurement  or  from 
historical  data  bases.  Because  the  operational  Navy  cannot  obtain  measured  data 
in  real  time,  historical  data  bases  have  become  critical.  However,  the  degree 
to  which  data  is  useful  often  depends  on  how  well  the  information  it  contains 
can  be  understood  and  utilized. 

This  paper  presents  the  rationale  for  the  selection  of  the  particular  statistic 
upon  which  a  data  base  is  built  and  for  the  selection  of  the  presentation  format. 
Some  of  these  formats  and  statistics  have  been  recently  developed  by  NORDA 
researchers  to  meet  the  needs  of  specific  data  base  users.  Several  examples  are 
given  which  illustrate  that  the  particular  performance  statistic  and  the  presenta¬ 
tion  format  can  greatly  increase  the  potential  application  of  a  data  base.  An  ex¬ 
ample  is  also  included  to  show  that  the  wrong  statistic  for  a  given  situation  can 
lead  to  errors  and  severely  limit  the  usefulness  of  the  data  base. 


Introduction 

Detecting,  classifying,  localizing,  and  tracking  enemy 
submarines  is  a  critical  mission  of  the  U.  S.  Navy.  One 
method  by  which  this  mission  is  accomplished  is  the  use 
of  antisubmarine  warfare  (ASW)  sonar  systems.  Present 
ASW  sonar  systems  are  considerably  more  sophisticated 
and  complex  than  their  predecessors.  They  have  been  in¬ 
telligently  designed  to  exploit  the  acoustic  and  ambient 
noise  environments  to  enhance  their  performance.  Fur¬ 
thermore,  the  ASW  tacticians  and  sonar  operators  are 
becoming  more  knowledgeable  of  how  the  environment 
influences  the  sonar  system  performance,  and  more  capable 
of  using  this  knowledge  to  improve  their  ASW 
effectiveness. 

NORDA 's  primary  mission  is  to  provide  the  en¬ 
vironmental  information  that  permits  ASW  sonars  to  be 
intelligently  designed  and  effectively  utilized.  The  high 
level  of  sophistication  of  our  present  sonar  systems  and 
the  level  of  knowledge  of  the  sonar  tacticians  and  operators 
place  high  demands  on  the  environmental  acoustic  sup¬ 


port  that  must  be  provided  by  the  research  and  develop¬ 
ment  (R&D)  community.  It  is  no  longer  sufficient  to  pro¬ 
vide  data  bases  that  simply  characterize  in  general  terms 
the  oceanography,  acoustic  propagation,  and  ambient  noise. 
Data  bases  and  analysis  products  must  be  provided  that 
can  be  used  to  adequately  characterize  or  correctly  predict 
a  given  sonar  system's  performance  for  a  particular  situa¬ 
tion  in  a  specific  acoustic  and  ambient  noise  environment. 

This  paper  presents  the  rationale  for  selecting  the  par¬ 
ticular  statistic  upon  which  a  data  base  is  built  and  for 
selecting  the  presentation  format.  Some  of  these  formats 
and  statistics  have  recently  been  developed  by  NORDA 
researchers  to  meet  the  needs  of  specific  data  base  users. 
Several  examples  are  given,  which  illustrate  that  the  par¬ 
ticular  performance  statistic  and  the  presentation  format 
can  greatly  increase  the  potential  application  of  a  data  base. 
An  example  is  also  included  to  show  that  the  wrong 
statistic  for  a  given  situation  can  lead  to  errors  and  severely 
limit  the  usefulness  of  the  data  base.  Discussions  of  these 
examples  are  followed  by  a  summary. 
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Background 

Modeling  sonar  performance  has  at  least  one  advan¬ 
tage  over  measuring  performance;  modeled  results  are 
generally  better  understood  than  measured  results.  This 
is  because  the  significant  parameters  and  mechanisms  that 
influence  the  measured  results  are  often  not  known  or 
are  not  well  understood.  In  modeling,  however,  the  in¬ 
fluence  of  each  parameter  and  mechanism  modeled  can 
be  identified  and  considered  separately  to  provide  a  much 
clearer  picture  of  what  is  happening,  even  though  the 
model  may  not  be  completely  representative  of  the  real 
situation. 

This  advantage  of  modeling  over  measurement  also  ap¬ 
plies  to  data  bases.  Hence,  some  of  the  discussions 
presented  herein  rely  on  modeled  results  rather  than  ac¬ 
tual  measured  data.  The  simulated  data  were  obtained  from 
modeling  the  measurement  of  beam  noise  by  a  towed  line 
array,  and  the  resulting  data  are  completely  interchangeable 
with  beam  noise  data  that  might  have  been  measured  in 
a  similar  situation.  Furthermore,  intermediate  products 
in  the  modeling  process  can  be  obtained  to  give  a  more 
complete  understanding  of  the  problems  involved  in  selea- 
ing  the  best  statistic  and  the  presentation  format  for  the 
data  base.  Hence,  the  generation  of  simulated  beam  noise 
data  will  be  discussed  in  this  section,  while  the  following 
section  will  discuss  the  application  of  these  data  in  creating 
different  data  bases. 

The  generation  of  simulated  array  beam  noise  data  is 
illustrated  by  Figure  1.  The  dots  and  arrows  in  Figure 
la  correspond  to  the  positions  and  the  courses  of  mer¬ 
chant  ships  in  a  shipping  lane.  These  position  data  were 
observed  by  a  maritime  patrol  aircraft  at  the  beginning 
of  a  9-hour-long  ambient  noise  measurement  exercise.  In 
the  actual  measurement  situation,  the  beam  noise  data 
were  measured  for  15  minutes  each  hour  of  the  9-hour 
period  by  an  acoustic  towed  line  array  located  at  site  5. 
The  array  heading  was  changed  after  each  data  acquisi¬ 
tion  period  to  permit  the  unambiguous  horizontal  direc¬ 
tionality  of  the  noise  field  to  be  estimated  from  the  beam 
noise  data. 

The  shipping  data  in  Figure  la  were  used  to  simulate 
the  beam  noise  data  that  were  measured  by  the  towed 
array  at  site  5.  The  simulation  was  accomplished  by  assum¬ 
ing  a  speed  for  each  ship  and  dead  reckoning  it  to  a  new 
position.  Nine  such  dead-reckoning  periods  were  used,  with 
the  simulated  array  on  the  same  headings  used  during 
the  actual  measurements  to  permit  the  modeled  results 
to  correspond  directly  with  the  measured  results.  The 
agreement  between  the  measured  and  simulated  results 
was  excellent.  However,  this  agreement  is  not  critical  for 
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Figure  1.  Representation  of  the  ambient  noise  measurement 
process  including  (a)  the  locations  of  ships  relative  to  the 
measurement  site  5,  and  (b)  the  "true  noise  field"  due  to 
shipping  and  wind/sea  state  noise  and  measured  beam  noise 
levels  from  a  small  aperture  array  (dashed  curve)  and  a  long 
aperture  array  (solid  curve). 

the  discussions  that  follow.  Therefore,  the  comparison  of 
those  results  will  not  be  discussed  herein. 

The  curves  in  Figure  lb  are  the  modeled  results  for 
the  third  dead-reckoned  period.  These  results  were  ob¬ 
tained  from,  but  do  not  correspond  directly  to,  the  ship¬ 
ping  data  for  the  initial  time  period  in  Figure  la.  The 
center-most  solid  curve,  which  consists  of  radial  lines 
superimposed  on  a  uniform  (circular)  background,  repre¬ 
sents  the  ambient  noise  field  horizontal  directionality  due 
to  the  dead-reckoned  shipping  distribution  (the  radial  lines) 
and  the  wind  and  sea  state  (the  uniform  or  circular 
background).  Each  radial  line  is  along  the  azimuth  of  a 
ship  and  the  length  of  the  line  is  proportional  to  the  noise 
level  received  at  the  array  from  that  ship.  The  plot  resolu 
tion  of  1“  makes  some  of  the  noises  appear  to  be  broader 
than  they  are,  but  this  is  only  an  artifact  of  the  plotting 
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format.  Since  all  ships  are  to  the  north  of  site  5,  there 
are  no  radial  noise  lines  in  the  southern  half-space,  only 
the  uniform  noise  due  to  wind  and  sea  state. 

The  two  remaining  curves  in  Figure  lb,  the  solid  and 
the  dashed  curves,  represent  the  mean  beam  noise  levels 
that  would  be  measured  by  two  different  towed  line  ar¬ 
rays  at  site  5  during  the  same  pericxl  for  which  the 
“spiked”  noise  field  was  obtained.  Because  towed  arrays 
have  finite  length,  the  beam  noise  has  a  smeared  or  broad 
spatial  (angular)  response.  The  towed  array  to  which  the 
dashed  beam  noise  curve  corresponds  is  one-third  as  long 
as  the  array  to  which  the  solid  beam  noise  curve  cor¬ 
responds.  Therefore,  the  shorter  array  has  three  times  the 
spatial  smearing  effects  that  the  longer  array  has.  The 
low  beam  noise  levels  are  no  longer  evident  in  the  pat¬ 
tern  corresponding  to  the  shorter  array,  even  though  they 
exist  in  the  pattern  corresponding  to  the  longer  array. 

The  line  array  has  an  inherent  left-right  (or  front  to 
back)  ambiguity  resulting  from  its  conical  beam  patterns. 
Angles  relative  to  the  axis  of  the  array  can  be  determined, 
but  one  side  of  the  axis  cannot  be  distinguished  from  the 
other,  i.e.,  clockwise  versus  counterclockwise.  This  is  evi¬ 
dent  in  the  beam  response  plots  in  Figure  lb.  Both  beam 
response  plots  are  symmetric  about  the  array  heading  ar¬ 
row  (at  120®)  even  though  the  major  noise  components 
(the  radial  lines)  are  all  in  the  northern  half -space  (i.e., 
most  are  on  the  left  side  of  the  array,  or  counterclockwise 
from  the  array  heading  arrow). 

The  amount  of  spatial  smearing  in  the  beam  noise  data 
depends  on  the  design  parameters  of  the  array  and  can 
vary  considerably  from  one  sonar  system  to  another,  as 
is  illustrated  in  Figure  lb.  Hence,  measured  array  beam 
noise  data  are  unique  to  the  particular  sonar  system  that 
made  the  measurement.  To  extrapolate  the  data  to  another 
sonar  system  having  different  design  parameters  or  to 
determine  characteristics  of  the  ambient  noise  environ¬ 
ment  (i.e.,  the  curve  consisting  of  the  series  of  spikes  on 
a  uniform  background  in  Fig.  lb),  special  processing  tech¬ 
niques  are  required  to  remove  the  effeas  in  the  beam  noise 
that  make  the  data  unique  to  the  measurement  system. 
The  characteristics  of  a  different  system  can  then  be  im¬ 
posed  on  the  result  to  extrapolate  the  data  to  that  system. 

An  engineer  might  be  required  to  design  an  advanced 
towed  array  sonar  system  to  satisfy  a  new  ASW  require¬ 
ment  for  high-speed  operation,  fine  spatial  resolution  and 
low  beam  noise  levels.  Increased  resolution  is  achieved 
by  increasing  the  array  length,  which  in  turn  decreases 
the  spatial  smearing  with  a  corresponding  decrease  in  the 
beam  noise  levels  (see  Fig.  lb),  a  desirable  effect.  However, 
as  the  array  length  and  tow  speed  increase,  the  array 


geometry  tends  to  depart  from  linear,  which  degrades  its 
signal  performance.  Furthermore,  the  handling  difficulty 
of  the  array  and  the  cost  increase  with  increasing  array 
length.  Hence,  the  engineer  must  make  a  trade-off  involv¬ 
ing  beam  noise  level,  signal  performance,  array  length, 
tow  speed,  and  cost.  Thus,  an  ambient  noise  data  base 
of  beam  noise  level  as  a  function  of  array  length  (or 
equivalently  as  a  function  of  beamwidth)  is  required  to 
make  the  trade-off.  It  tells  the  engineer  how  wide  and  deep 
(low  in  level)  the  “holes”  in  the  noise  are  and  permits 
him  to  tailor  the  beamwidth  to  achieve  the  required  beam 
noise  levels. 

An  ASW  sonar  operator,  on  the  other  hand,  is  interested 
in  detecting  submarines.  He  requires  a  data  base  that  can 
be  used  to  help  him  determine  the  best  array  heading  to 
maximize  the  chances  of  detecting  a  submarine.  In  this 
case,  the  design  parameters  of  the  array  are  already  deter¬ 
mined  and  the  historical  data  base  would  be  used  to  in¬ 
crease  the  effectiveness  of  the  sonar  system.  A  data  base 
of  beam  noise  as  a  function  of  array  length  required  by 
the  engineer  would  not  provide  the  information  needed 
by  the  sonar  operator.  An  entirely  different  statistic  is 
needed. 

There  are  many  different  types  of  ambient  noise  data 
bases  and  a  multitude  of  different  users,  which  range  from 
the  scientists  who  study  the  physical  mechanisms  of  the 
ambient  noise,  to  the  engineers  who  design  and  build  sonar 
systems,  to  the  operators  who  use  the  systems.  All  have 
urgent  needs  for  data  bases,  but  each  addresses  the  sonar 
performance  problem  from  a  different  perspect've  and  with 
a  different  technical  background. 

Discussion  and  examples 

Examples  will  now  be  given  that  illustrate  attempts  to 
maximize  the  usefulness  of  the  data  by  selecting  or  devis 
ing  statistics  to  answer  the  user’s  questions,  by  appropriate 
ly  designing  the  data  processing,  and  by  tailoring  the 
presentation  format  to  a  user’s  specific  requirement.  The 
examples  will  all  address  questions  regarding  ambient  noise. 
The  need,  however,  is  not  unique  to  ambient  noise  but 
extends  to  areas  of  research  that  include  acoustic  propaga¬ 
tion,  computer  modeling,  marine  geopb  sics,  signal  proc¬ 
essing,  and  oceanography. 

The  first  three  examples  deal  with  the  beam  noise 
measured  by  a  towed  line  array.  The  original  data  consist 
of  time-averaged  beam  noise  levels  at  a  given  frequency 
for  many  steering  angles  that  range  from  forward  endfire 
to  aft  endfire.  Since  the  line  array  has  conical  beam  pat¬ 
terns,  the  absolute  direction  from  which  signal  and  noise 
arrive  at  the  array  cannot  be  determined  from 
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measurements  on  a  single  array  heading;  a  left-right  am¬ 
biguity  is  inherent  in  the  data  as  is  illustrated  in  the  sym¬ 
metry  of  the  beam  noise  curves  in  Figure  lb.  This  am¬ 
biguity  must  be  resolved  to  determine  the  best  heading 
for  detection  (the  operator’s  question),  but  it  doesn’t  need 
to  be  resolved  to  determine  the  beam  noise  statistics  for 
a  longer  array  (the  design  engineer’s  question).  A  different 
type  of  processing  is  required  in  each  of  these  two  cases. 

Now  consider  the  requirement  for  the  engineer  to  design 
a  high-speed  ASW  sonar  array  with  fine  spatial  resolu¬ 
tion  and  low  beam  noise  levels.  Estimates  of  the  mean 
beam  noise  levels  for  the  new  array  must  be  obtained. 
The  measured  beam  noise  data  of  a  much  shorter  con¬ 
ventional  towed  array  would  not  have  the  same  mean  level 
statistics  as  data  acquired  in  the  same  noise  field  by  a  longer 
array  with  much  narrower  beamwidths.  This  effect  is  il¬ 
lustrated  by  the  two  different  plots  of  mean  beam  noise 
levels  in  Figure  lb.  The  statistics  for  a  single  dominant 
source  would  be  about  the  same,  but  the  statistics  would 
be  different  when  there  are  many  sources  or  if  the  am¬ 
bient  noise  is  distributed  over  azimuth  angle  as  is  often 
the  case. 

The  mean  beam  noise  levels  measured  by  a  given  towed 
line  array  can  be  used  to  estimate  the  corresponding  levels 
for  another  towed  line  array  by  the  following  procedure. 
The  array  response  charaaeristics  responsible  for  the  spatial 
smoothing  inherent  in  the  data  are  deconvolved  from  the 
data  to  get  an  estimate  of  the  noise  field  without  the 
smoothing  effects  of  the  array.  The  iterative  technique 
by  Wagstaff  and  Berrou  (1984)  is  an  effective  way  to  ob¬ 
tain  this  estimate.  In  terms  of  the  curves  in  Figure  lb, 
the  procedure  is  to  use  one  of  the  beam  noise  curves  to 
generate  a  spiked  field  similar  to  the  spiked  field  in  Figure 
lb  but  without  the  left-right  ambiguities  being  resolved. 
This  ambiguous  noise  field  estimate  is  then  used  to 
generate  the  other  beam  noise  curve  or  any  other  beam 
noise  curve  desired.  This  sampling  process  can  be  done 
for  response  patterns  corresponding  to  arrays  that  range 
in  length  from  very  long  (solid  curve  in  Fig.  lb)  to  relative¬ 
ly  short  (dashed  curve  in  Fig.  lb).  The  beamwidths  of  such 
a  collection  of  arrays  might  run  from  0.5“  to  10“.  When 
this  process  is  repeated  for  several  data  sets  and  the  beam 
noise  levels  accumulated  according  to  beamwidth  and  beam 
noise  level,  the  results  can  be  presented  in  a  format  called 
the  Azimuthal  Anisotropy  Cumulative  Distribution  Func¬ 
tion  (AACDF)  plot.  Figure  2a  presents  a  typical  AACDF 
plot.  The  ordinate  is  the  beamwidth  and  the  abscissa  is 
the  percent  of  azimuth  angle  the  beam  noise  level  would 
be  less  than  a  given  amount.  The  curves  are  for  equal 
beam  noise  level.  Essentially  this  plot  presents  the  .statistics 


Line-array  beam  noise 


Horizontal  directionality  (dB-deg) 


SN  gain  re  broadside  (d6)  vs  array  beading 
for  search  sector 


Figure  2.  Example  of  products  derived  from  towed  line  array 
beam  noise  data,  (a)  Azimuthal  Anisotropy  Cumulative 
Distribution  Function  (AACDF)  plot;  (b)  ambient  noise 
horizontal  directionality  plot;  (c  f)  array  heading  roses. 


of  how  wide  (azimuthal  width)  and  how  deep  (beam  noi.se 
level)  the  “holes”  in  the  noise  field  are.  Since  the  AACDF 
is  an  ordered  collection  of  cumulative  distribution  func¬ 
tions,  it  can  represent  an  unlimited  amount  of  data. 

The  ACCDF  plot  in  Figure  2a  was  generated  from  the 
simulated  beam  noise  data  obtained  in  the  modeling  re¬ 
ferred  to  previously.  The  plot  is  for  site  5  of  Figure  la 
and  for  a  given  frequency,  but  it  is  not  unique  to  the  ar¬ 
ray  that  made  the  simulated  measurements.  In  fact,  the 
mean  beam  noise  levels  for  any  other  line  array  (for  that 
frequency  and  location)  can  be  obtained  from  this  plot, 
provided  the  beamwidths  of  the  array  are  within  the  range 
of  the  plot,  0.5“  to  10°.  For  example,  consider  an  array 
that  has  a  beamwidth  of  2“.  Mean  beam  noise  levels  less 
than  about  48  dB  will  be  measured  by  that  array  over 
45%  of  azimuth  space  and  less  than  about  54  dB  over 
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80%  of  azimuth  space.  However,  the  corresponding  values 
for  an  array  with  an  8°  beamwidth  would  be  about  % 
dB  and  60  dB  respectively.  If  only  a  single  mean  beam 
noise  level  were  desired,  46  dB  for  the  2“  beamwidth  ar¬ 
ray  and  ')2  dB  for  the  8“  beamwidth  array  could  be  used 
(i.e.,  the  ^O  percentile  values).  However,  a  distribution 
function  is  more  realistic  and  more  powerful,  and  the 
AACDF  plot  contains  an  azimuthal  (spatial)  cumulative 
distribution  function  on  each  horizontal  line  (correspond¬ 
ing  to  a  given  beamwidth).  Hence,  by  using  the  AACDF 
plot,  the  mean  beam  noise  levels  for  a  particular  array 
can  be  easily  obtained  by  the  engineer,  and  it  is  presented 
in  terms  he  understands. 

The  mean  beam  noise  data  that  were  used  to  create 
the  AACDF  can  also  be  used  to  estimate  the  mean  am¬ 
bient  noise  level  as  a  function  of  azimuth  provided  the 
data  sets  were  acquired  on  at  least  three  (preferably  more) 
different  array  headings  (see  Wagstaff,  1978).  A  polar  plot 
of  the  unambiguous  mean  ambient  noise  level  as  a  func¬ 
tion  of  azimuth  is  commonly  called  a  “noise  rose.” 
Although  a  noise  rose  has  been  generated  from  ambiguous 
beam  noise  data  acquired  by  a  towed  line  array,  it  has 
no  ambiguities.  Figure  2b  presents  an  example  of  a  noise 
rose  obtained  from  the  .same  ambiguous  towed  line  array 
data  that  were  used  to  produce  the  AACDF  plot  in  Figure 
2a.  Such  a  noise  rose  can  be  used  by  an  operations  research 
analyst  to  estimate  the  mean  beam  noise  levels  for  any 
array,  whether  the  array  is  linear,  circular,  planar,  or 
spherical,  provided  the  beam  is  along  the  horizontal  and 
the  noise  field  is  concentrated  near  the  horizontal.  The 
latter  is  generally  true  at  frequencies  below  about  200  Hz 
where  the  noise  from  distant  shipping  is  usually  domi 
nant  and  arrives  at  the  array  at  nearly  horizontal  angles. 
For  example,  consider  a  spherical  array  with  a  beam  hav¬ 
ing  a  10"  beamwidth.  Such  an  array  steered  to  the  north¬ 
east  in  the  noise  field  represented  by  Figure  2b  would 
measure  “37  dB  (47  -t-  10  log  lO®/!").  This  ignores  sidelobe 
contributions  that  could  be  easily  estimated  and  included. 

Since  the  noise  rose  provides  an  estimate  of  the  mean 
ambient  noi.se  level  as  a  function  of  azimuth  angle,  it  is 
also  useful  for  checking  the  accuracy  of  ambient  noise 
models.  A  corresponding  plot  generated  by  a  noise  model 
can  be  compared  with  the  measured  noise  rose  to  deter¬ 
mine  whether  the  noise  source  levels  are  correct  and  the 
noise  source  spatial  distributions  (or  geographic  positions) 
are  adequately  modeled.  Agreement  between  the  measured 
and  modeled  omnidirectional  ambient  noise  levels  can  hap¬ 
pen  by  coincidence,  but  this  is  not  true  for  the  shapes 
of  the  noise  roses.  Disagreement  along  an  azimuth  indicates 
that  something  is  in  the  acoustic  propagation  environment 


or  the  noise  source  distribution  along  that  azimuth  that 
the  noise  model  does  not  include  or  properly  model.  The 
deficiency  in  the  model  can  often  be  determined  and  cor¬ 
rected  once  the  azimuth  is  known.  For  example,  if  a  ship¬ 
ping  lane  was  incorrectly  modeled  to  the  south  instead 
of  to  the  north,  where  it  actually  was,  the  modeled  and 
measured  omnidirectional  ambient  noise  levels  could  agree, 
but  the  error  would  be  clearly  evident  by  the  disagree¬ 
ment  in  the  measured  and  modeled  noise  roses. 

Unlike  the  engineer  who  selects  the  design  parameters 
of  the  sonar  system,  the  sonar  operator  can  control  only 
the  way  the  sonar  is  used  to  improve  his  chances  for  detect¬ 
ing  submarines.  One  very  important  parameter  in  his  con¬ 
trol  is  the  heading  of  the  tow  ship  (and  therefore  the 
heading  of  the  towed  array).  Data  bases  for  improved  detec¬ 
tion  performance  as  a  function  of  array  heading  would 
be  very  valuable  to  such  an  individual.  This  need  was 
generally  ignored  until  recently,  when  NORDA  research¬ 
ers  devised  a  statistic  and  presentation  format  to  address 
this  problem  in  terms  that  were  meaningful  to  the  sonar 
operator.  Presently,  a  data  base  is  being  generated  at 
NORDA  to  address  this  need.  A  description  of  the  statistic 
and  data  base  presentation  format  is  given  below. 

Neither  of  the  plots  in  Figure  2a  or  Figure  2b  will  easi¬ 
ly  permit  the  sonar  operator  to  determine  the  best  towed 
array  heading  to  maximize  the  chances  for  detecting  a 
submarine,  although  the  same  measured  beam  noise  data 
are  used  to  generate  the  AACDF  plot  and  the  noise  rose 
that  must  be  used  to  determine  the  best  array  heading 
for  detection.  This  is  done  by  determining  the  signal-to- 
noise  ratio  (S/N)  for  all  possible  array  headings  and  then 
choosing  the  heading  that  will  maximize  the  S/N  within 
the  operational  constraints  imposed  on  the  allowable 
headings.  To  make  the  problem  tractable,  the  sector  for 
detection  is  specified  in  advance.  The  problem  can  be 
simplified  further  by  assuming  that  the  signal  received  by 
the  array  is  independent  of  relative  bearing  (the  angle 
relative  to  the  array  axis).  In  addition,  the  S/N  performance 
is  compared  to  broadside  S/N  performance,  such  that  the 
answer  is  the  gain  above  broadside  performance  that  can 
be  expected  for  a  given  array  heading.  Furthermore,  since 
the  performance  is  relative  to  broadside  performance  and 
is  not  in  absolute  values,  a  single  result  applies  to  all  towed 
line  arrays  at  that  location,  not  just  the  particular  array 
for  which  the  calculations  were  performed.  The  rationale 
behind  normalizing  to  broadside  performance  is  that  the 
broadside  beam  is  the  narrowest  of  all  the  beams,  and  in 
a  cylindrically  isotropic  noise  field,  it  would  give  the  best 
performance.  This  normally  will  not  be  the  case,  .since 
realistic  noi.se  fields  are  usually  quite  directional  in  nature. 
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A  plot  that  gives  the  S/N  gain  improvement  over  broad¬ 
side  performance  can  be  generated  from  the  noise  rose, 
since  the  array  beam  noise  for  any  array  heading  and  beam 
steering  angle  can  be  estimated  from  the  noise  rose.  Beam 
noise  estimates  are  obtained  by  convolving  the  beam  pat¬ 
terns  of  the  array  with  the  noise  rose.  The  mean  beam 
noise  levels  of  the  beams  with  steering  angles  within  the 
detection  sector  are  averaged,  and  the  resultant  is  sub¬ 
tracted  from  the  average  noise  level  of  a  broadside  beam 
in  that  sector.  The  result  is  plotted  along  the  azimuth  of 
the  array  heading  and  represents  the  S/N  gain  improve¬ 
ment  over  broadside  performance  for  detecting  targets  in 
the  detection  sector  for  the  array  heading  along  that  par¬ 
ticular  azimuth.  When  this  calculation  is  carried  out  for 
all  possible  array  headings  and  is  plotted  in  polar  form, 
array  heading  plots  (such  as  Figs.  2c- 2f)  are  obtained.  Each 
of  these  plots  is  for  a  different  detection  quadrant.  The 
specific  quadrant  for  each  is  denoted  by  the  cross-hatched 
area.  Sectors  with  other  orientations  and  widths  could  have 
been  chosen:  however,  these  sectors  (the  four  principal 
quadrants)  arc  sufficient  to  illustrate  the  value  of  the  ar¬ 
ray  heading  roses. 

The  array  heading  roses  in  Figure  2  correspond  to  the 
same  noise  field  as  do  the  AACDF  plot  and  the  noise  rose 
in  Figures  2a  and  2b  and  were  derived  from  the  very  same 
beam  noise  data.  The  points  on  the  curves  outside  the 
large  circles  of  the  array  heading  roses  correspond  to  ar¬ 
ray  headings  for  which  there  is  a  S/N  gain  improvement 
over  broadside  performance  for  detection  of  targets  in  the 
deteaion  sector  (cross-hatched  sector),  while  the  associated 
value  indicates  how  many  decibels  of  improvement  to  ex¬ 
pect.  The  points  on  the  curves  inside  the  large  circles  cor¬ 
respond  to  array  headings  for  which  the  S/N  gain  perform¬ 
ance  is  degraded  relative  to  broadside  performance,  while 
the  associated  value  gives  the  expected  degradation  in 
decibels.  The  plots  aid  in  selecting  the  best  array  headings 
for  detection.  The  headings  in  the  black  areas  (azimuths 
where  the  curves  are  outside  the  large  circles)  should  be 
chosen  and  the  headings  in  the  gray  areas  (azimuths  where 
the  curves  are  inside  the  large  circles)  should  be  avoided 
if  possible. 

Given  array  heading  plots  similar  to  those  in  Figure 
2,  it  is  an  easy  task  for  the  sonar  tactician  and  sonar 
operator  to  select  the  best  array  heading  to  maximize  detec¬ 
tions  in  a  particular  sector,  within  the  constraints  impo.sed 
by  their  current  operations  (i.e..  compatible  with  sea  .state 
or  transiting  requirements).  For  example,  if  the  array 
heading  rose  in  Figure  2e  is  considered,  the  sonar  operator 
has  a  wide  latitude  in  selecting  array  headings  that  will 
provide  better  detection  performance  than  would  be  ex¬ 


pected  with  the  broadside  beam.  Array  headings  within 
the  125"  wide  sectors  centered  at  022"  and  212"  should 
give  performance  improvements  of  up  to  6  dB.  On  the 
other  hand,  array  headings  outside  these  two  sectors  would 
give  performance  about  1  dB  worse  than  broadside  beam 
performance.  However,  when  the  detection  sector  (cross- 
hatched  sector)  is  to  the  northwest  and  northeast  (see  Figs. 
2c  and  2d),  none  of  the  headings  will  give  better  than 
broadside  performance,  and  the  possible  degradation  is  as 
much  as  -6  dB  for  some  headings.  In  addition,  the 
headings  that  give  the  best  S/N  gain  performance  are 
localized  to  small  sectors,  while  the  headings  correspond¬ 
ing  to  S/N  gain  degradation  are  spread  over  broad  sec¬ 
tors.  This  is  not  the  case  for  the  detection  sector  to  the 
southeast  (Fig.  2f).  The  azimuth  ranges  of  favorable 
headings  are  about  100"  wide  centered  around  175"  and 
355".  The  extent  to  which  an  unfavorable  array  heading 
can  degrade  the  S/N  gain  improvement  in  this  case  is 
limited  to  about  1.5  dB.  several  decibels  better  than  the 
two  previous  cases. 

The  three  types  of  plots  in  Figure  2  illustrate  methods 
of  processing  and  formatting  array  beam  noise  data  to 
create  data  bases  for  different  applications.  The  AACDF 
plot  presents  a  parameterized  beam  noise  data  base  for 
a  technically  oriented  individual.  The  array  heading  rose 
presents  S/N  gain  improvement  as  a  function  of  array 
heading  to  the  sonar  tacticians  and  operators.  Finally,  the 
noise  rose  is  useful  to  the  researcher  studying  the  am¬ 
bient  noise  and  the  noise  source  distributions.  Each  of  these 
three  data  formats  in  Figure  2  conveys  a  different  type 
of  information  to  a  different  user  but  all  were  derived  from 
a  common  source— the  beam  noise  data. 

The  need  for  data  bases  to  support  the  design  and  utiliza¬ 
tion  of  ASW  sonar  systems  is  not  limited  to  measured 
sonar  performance  data.  Data  bases  are  also  required  to 
support  modeling  sonar  system  performance  in  areas  and 
for  situations  when  measured  results  do  not  apply.  For 
example,  in  a  time  of  war  the  shipping  traffic  in  an  ocean 
basin  is  likely  to  be  reduced  and  the  traffic  patterns  altercxl 
to  minimize  exposing  the  ships  to  hostile  submarines.  Beam 
noise  data  previously  collected  in  the  basin  during 
peacetime  would  not  be  representative  of  the  wartime  situa¬ 
tion.  Such  data,  however,  if  documented  with  the  ap¬ 
propriate  acoustic,  oceanographic,  and  noise  source  data 
ba.se.s,  would  be  useful  in  a.sse.s.sing  the  validity  of  a  mode! 
to  extrapolate  the  sonar  performance  to  the  wartime 
situation. 

Historical  shipping  is  one  of  the  ambient  noise  source 
data  bases  often  used  in  the  sonar  performance  extrapola¬ 
tion  prixess.  Several  statistics  and  formats  have  been  u.sed 
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to  construct  shipping  data  bases,  none  of  which  seems  to 
be  ideal.  This  is  probably  due  to  the  complex  nature  of 
shipping. 

The  difficulty  in  devising  meaningful  shipping  data  base 
statistics  and  presentation  formats  is  illustrated  by  the  two 
ship  position  plots  in  Figures  .3a  and  3b.  These  data  result 
from  two  of  ten  ob.servations  of  ship  positions  conducted 
on  different  days  in  the  southern  Baltic  Sea  during 
February.  Comparison  of  these  two  plots  illustrates  the 
highly  variable  nature  of  the  ship's  positions  in  time  and 
in  space.  Even  for  a  smaller  time  scale,  such  as  a  few  hours 
difference,  the  two  corresponding  ship  positions  plots  would 
be  significantly  different  from  each  other  because  the  ship 
mc  v’emcnt  forms  tracks,  and  the  positions  are  simply  points 
on  the  tracks  corresponding  to  a  particular  time.  As  the 
time  increment  over  which  the  shipping  is  considered 


increases,  the  tracks  become  longer  and  the  concept  of 
an  average  position  makes  less  sense.  For  this  reason  the 
shipping  density  statistic  has  been  adapted  by  the  Navy 
for  use  in  sonar  performance  modeling. 

Shipping  density  focuses  attention  on  standard 
geographical  areas  and  provides  an  average  occupation 
statistic.  Figure  3c  illustrates  a  shipping  density  plot  cor¬ 
responding  to  the  10  observations  of  ship  positions 
previously  mentioned.  Two  observations  from  the  set  of 
10  are  those  plotted  in  Figures  3a  and  3b.  The  standard 
geographical  area  in  this  case  is  0.5“  latitude  by  1.0“ 
longitude.  The  number  in  each  standard  area  corresponds 
to  the  average  number  of  ships  observed  in  that  area  for 
the  10  observations.  Additional  examples  of  historical  ship¬ 
ping  data  bases  are  given  by  Ross  et  al.  (1974)  and  Dyer 
(1973). 


Fij^urc  J  Example  of  shippinf;  data  plots  of  the  southern  Baltic  Sea.  (a,h)  “Fly  speck"  ship  position  plots  for  two  different 
times:  (c)  shipping  density  plot  (average  number  of  ships  observed  in  each  area;  (d)  plot  of  probabilitv  of  an  area  being  occupied 
by  ships  (above  line)  and  median  number  of  ships,  given  area  is  occupied  by  a  ship  (below  line:. 
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The  advantages  of  shipping  density  are  that  it  provides 
a  statistic  that  permits  a  shipping  data  base  to  be  developed 
and  a  format  for  that  statistic  to  be  presented  and  util¬ 
ized.  Furthermore,  it  is  readily  apparent  at  a  glance  where 
major  shipping  activity  occurs  and  some  indication  of 
where  there  is  not,  i.e.,  10.0  ships  within  56‘’N-%.5“N 
by  16“E-17“E  and  0.1  ships  within  57“N-57.5'’N  by 
21“E-22“E.  A  disadvantage  of  shipping  density  is  that  it 
fosters  a  notion  that  shipping  is  a  continuum,  rather  than 
a  distribution  of  discrete  quantities,  and  this  encourages 
it  to  be  modeled  as  a  continuum.  This  spatial  smearing 
of  the  ship’s  positions  to  conform  to  the  den.sity  continuum 
is  a  severe  problem  that  is  not  fully  appreciated  by  model¬ 
ers,  or  the  Navy  as  a  whole,  and  can  be  responsible  for  er¬ 
roneous  results.  For  example,  the  spatial  smearing  of  the 
ship’s  positions  has  a  similar  azimuthal  smearing  affect 
on  the  beam  noise  data  as  the  azimuthal  smearing  cau.sed 
by  decreasing  the  array  length,  illustrated  by  the  two  beam 
noise  curves  in  Figure  lb.  Furthermore,  there  is  no  physical 
significance  of  a  fractional  ship  (i.e.,  a  component  of  den¬ 
sity  less  than  1),  and  it  is  not  clear  how  it  would  be  cor¬ 
rectly  modeled.  This  problem  can  be  illustrated  by  a  simple 
example  in  which  one  ship  crossing  an  ocean  basin  on 
a  seldom-traveled  route  is  observed  on  four  observation 
days  out  of  ten  to  be  the  only  ship  in  each  of  four  stand¬ 
ard  areas.  The  corresponding  densities  for  these  four  areas 
would  each  be  0. 1  ships/standard  area.  This  situation  would 
be  modeled  with  0.1  ships  in  each  of  the  four  areas.  Not 
only  does  0. 1  ships  not  make  physical  sense,  but  one-tenth 
of  the  original  ship  would  appear  in  four  different  stand¬ 
ard  areas  at  the  same  time,  which  makes  even  less  sense. 
Furthermore,  one-tenth  of  the  noise  from  that  ship  would 
appear  at  four  different  azimuths  in  the  beam  noise  model¬ 
ing  for  sonar  performance  prediction. 

Researchers  at  NORDA  believe  that  the  advantages  of 
shipping  density  can  be  maintained,  while  eliminating  some 
of  the  disadvantages  by  using  different  statistics,  instead 
of  density,  that  will  permit  and  encourage  the  shipping 
to  be  modeled  as  discrete,  whole  ships.  Such  .statistics  could 
be  obtained  by  processing  the  original  shipping  surveillance 
data  in  a  slightly  different  manner.  Two  statistics  could 
be  calculated  to  replace  the  single  density  statistic.  The 
first  statistic  calculated  for  each  standard  area  is  the  prob¬ 
ability  of  the  area  being  occupied  by  at  least  one  ship. 
For  example,  if  ships  are  observed  in  a  standard  area  dur¬ 
ing  eight  of  ten  observations,  the  corresponding  probability 
of  occupation  would  be  0.8.  The  second  and  accompany¬ 
ing  statistic  calculated  for  each  standard  area  is  the  me¬ 
dian  (not  average)  number  of  ships  observed  in  the  area, 
given  the  area  is  occupied.  These  two  .statistics,  then. 


replace  the  single  shipping  density  statistic,  and  the  stand¬ 
ard  geographical  area  format  is  retained.  An  example  of 
these  new  historical  shipping  statistics  is  given  in  Figure 
3d  for  the  data  set  previously  discussed.  The  probability 
of  occupation  is  above  the  horizontal  line,  and  the  me¬ 
dian  value  is  below  the  line  in  each  standard  area. 

Now  consider  the  results  in  Figure  3d,  which  contains 
the  probability  of  occupation  statistics  and  the  median 
number  of  ships  given  area  occupation,  and  compare  them 
with  the  shipping  density  results  in  Figure  3c.  The  areas 
that  are  infrequently  populated  by  ships  are  obvious  from 
the  low  probabilities  of  occupation,  i.e.,  less  than  0.5,  while 
this  is  not  necessarily  true  in  the  case  of  shipping  density. 
For  example,  the  standard  area  bounded  by  18'’-19"E  and 
56.0“-56.5“  has  a  density  of  1.0,  but  the  probability  of 
occupation  was  only  0.25.  Such  a  low  probability  suggests 
that  the  chances  are  slim  that  the  area  would  be  found 
occupied  at  some  random  time  in  the  future.  As  a  result, 
this  area  would  probably  be  considered  free  of  shipping 
for  sonar  performance  modeling  purposes.  Based  on  ship¬ 
ping  density,  however,  the  modeling  would  be  done  with 
one  .ship  in  the  area.  The  former  approach  would  be  more 
representative  of  what  is  likely  to  occur. 

The  median  number  of  ships  in  a  standard  area  will 
always  be  an  integer.  This  number  emphasizes  the  discrete 
nature  of  shipping  and  encourages  modeling  individual 
ships  at  discrete  locations.  This  entity  is  more  realistic 
than  den.sity  data  and  should  give  results  in  better  agree¬ 
ment  with  data.  However,  if  density  information  is  ab¬ 
solutely  necessary,  an  approximation  can  be  obtained  by 
multiplying  the  probability  statistic  by  the  median  statistic. 
In  the  previous  example,  both  the  density  and  the  approx¬ 
imation  to  the  density  (0.25  times  4  ships)  gives  1.0.  Hence, 
the  cost  due  to  doubling  the  data  base  to  provide  two 
statistics  instead  of  one  (density)  is  more  than  offset  by 
the  usefulness  of  the  data  base.  Future  NORDA  shipping 
data  bases  will  be  provided  in  these  new  statistics,  as  well 
as  in  the  density  statLstic,  to  permit  the  user  to  select  the 
one  that  makes  the  most  sen.se  for  the  particular 
application. 

Summary 

The  task  of  satisfying  the  Navy’s  requirements  for  data 
to  support  sonar  design,  utilization,  and  performance 
prediction  is  monumental,  considering  the  temporal  and 
spatial  variability  of  all  parameters  involved  and  considering 
the  limited  budget  and  resources  with  which  this  must 
be  done.  Therefore,  it  is  mandatory  that  the  R&D  com¬ 
munity  be  innovative  and  clever  in  processing  and 
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reporting  relevant  data  to  maximize  its  utility  to  the  various 
users.  This  requirement  is  facilitated  when  the  researcher 
understands  and  is  motivated  by  the  following. 

•  The  statistic  presently  provided  in  the  data  base  should 
be  changed  if  it  is  not  the  best  one  to  describe  the 
characteristic  of  the  data  that  is  the  most  important  to 
the  user. 

•  The  data  base  format  should  be  changed  if  it  is  not 
the  best  one  to  facilitate  the  user’s  understanding  and  cor¬ 
rect  utilization  of  the  data  base. 

•  Statistics  should  be  devised  and  data  base  formats 
should  be  chosen  to  answer  particular  user’s  specific 
questions. 

•  Data  base  formats  should  be  chosen  that  extend  the 
application  of  the  data  base  to  as  many  different  situa¬ 
tions,  systems,  and  users  as  possible  without  being  un¬ 
necessarily  complicated. 

The  researcher  must  provide  the  user  with  a  data  base 
that  the  user  needs  and  can  apply  for  the  data  base  to 
be  fully  utilized. 

As  a  primary  supplier  of  environmental/acoustic  data 
bases  for  the  Navy,  NORDA  has  taken  the  lead  in 


understanding  the  needs  of  the  individual  data  base  user 
and  devising  statistics  and  data  base  formats  that  facilitate 
the  user  understanding  and  correctly  using  the  data  bases, 
and  NORDA  will  continue  to  do  so  in  the  future. 
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Ocean  technologists  at  NORDA  are  performing  engi¬ 
neering  research  and  development  based  upon  a  wide  spec¬ 
trum  of  new,  emerging,  state-of-the-art  technologies  and 
capabilities  directed  toward  the  support  of  existing  or  pro- 
jeaed  Navy  operational  requirements  and  in-house  projects 
for  solving  measurement  problems.  Some  recent  successes 
are  listed. 

•  The  Airborne  Data  Acquisition  and  Processing  Sys¬ 
tem,  which  has  been  completed  and  transitioned  to  the 
user.  Similar  systems  have  been  requested  from  other 
activities. 

•  The  Deep  Towed  Array  Geophysical  System  was  suc¬ 
cessfully  completed  with  engineering  test  at  a  tow  depth 
of  5100  m. 

•  Several  deployments  of  the  Versatile  Experimental 
Data  Acquisition  Buoy  system  were  successful  (Fig.  1). 


•  Development  and  multiple  deployments  of  the  Cavita¬ 
tion  Ocean  Profiling  System  were  completed. 

•  A  Vertical  Line  Array  for  the  follow-on  mine  pro¬ 
gram  was  tested. 

•  Two  studies  were  completed  (submarine  counter¬ 
detectability  and  magnetic  capability  and  safety  study 
resulted  in  development  effort)  and  several  new  projects 
initiated  (Ice  Buster,  ice  thickness  measurement,  and  in¬ 
verted  echosounder). 

NORDA’s  ocean  technologists  plan  to  attract  more  pro¬ 
grams  from  external  sponsors,  build  credibility  in  basic 
research,  and  maintain  support  of  the  Navy  community. 
Emphasis  will  be  on  innovative  thinking  in  the  exploratory 
development  area  and  generating  new  concepts  to  solve 
old,  current,  new,  or  projected  problems  in  response  to 
Navy  operational  requirements. 


■f- 


\d 


% 


tv’. 


l~f  Jr 


■r-f 


Ocean  Technology 


Development  of  a  Deep-Towed  Seismic  System: 

A  New  Capability  for  Deep-Ocean 
Acoustic  Measurements 

Martin  G.  Fa^ot  and  Stephen  E.  Spychalski 
Ocean  Technolo)?y  Division 

Abstract 

The  development  of  a  deep-towed  seismic  profiling  system  has  been  completed 
after  four  years  of  design,  fabrication,  and  testing.  This  system  provides  the  capabili¬ 
ty  to  determine  the  detailed  acoustic  character  of  the  sea  floor  and  upper  500-1000 
m  of  subbottom  structure.  The  system  is  designed  for  tow  depths  of  6000  m 
while  operating  at  an  altitude  of  100  m  above  the  sea  floor.  The  major  com¬ 
ponents  of  the  system  include  a  sound  source  located  in  the  deep-towed  vehicle, 
which  operates  over  a  frequency  range  from  260  Hz  to  650  Hz  at  a  peak  source 
level  of  201  dB  re  1  micropascal  at  1  m;  a  24  channel,  1000  m  long  array  attached 
as  a  tail  to  the  deep-towed  vehicle;  a  duplex  digital  telemetry  link  to  communicate 
with  the  deep-towed  system  over  a  coaxial  tow  cable;  a  digital  data  record  system; 
a  real  time  engineering  data  display  system;  a  short  baseline  navigation  system; 
handling  hardware  to  deploy  and  retrieve  the  system;  and  two  instrumentation 
vans  to  support  system  operations.  This  paper  discusses  the  unique  hardware 
developed  for  the  deep-towed  seismic  system  and  focuses  on  the  acoustic  sub¬ 
systems.  Also  reviewed  is  a  performance  prediction  analysis  initially  performed 
to  define  geoacoustic  parameter  measurement  improvements  achievable  with  a 
deep-towed  configuration.  Field  measurement  engineering  results  acquired  dur¬ 
ing  the  sy.stem’s  final  performance  evaluation  are  presented.  Data  was  acquired 
at  tow  depths  of  4500  m  during  the  September  1984  evaluation. 

Introduction  able  of  operating  at  an  altitude  of  l(X)-500  m  in  ocean 

The  Naval  Ocean  Research  and  Development  Activity  depths  of  6000  m.  This  configuration  is  depicted  in  Figure 

(NORDA)  carries  out  broadly  based  research  and  develop-  1-  A  development  program  entitled  “Deep-Towed  Array 

ment  in  ocean  science  and  technology  to  understand  the  Geophy.sical  System’  (DTAGS)  was  initiated  in  1981  to 

effects  of  the  ocean  environment  on  Navy  .systems  and  provide  a  hardware  .suite  to  meet  this  high-re.solution  data 

operations.  Sptxrifically,  one  area  of  responsibility  is  develop-  requirement. 

ing  definitive  models  of  the  ocean  floor  and  subbottom  as  a  System  performance  prediction  studies'  -  '-'*  '’  showed 

transmission  medium  that  refracts,  diffracts  and  dissipates,  substantial  improvement  in  mea.suring  geoacoustic  param- 

as  well  as  reflects,  acoustic  energy.  The.se  models  are  used  eters  with  the  DTAGS  configuration,  A  comparison  be- 

to  predict,  and  thus  improve,  the  performance  of  naval  sys-  tween  the  deep-towed  configuration  and  a  surface-towed 

terns  that  acoustically  interact  with  the  bottom.  Critical  for  configuration  for  measuring  a  critical  geoacoustic  paramc 

developing  these  models  is  high-resolution  data  to  descrik-  ter,  interval  velocity,  as  a  function  of  layer  thickness  is 
the  geological,  geophysical,  and  geoacoustical  character  of  given. 

the  deep-ocean  sea  floor  and  upper  subbottom  structure.  The  initial  hardware  development  focused  on  a 

These  high-resolution  data  can  be  obtained  using  a  low-  Helmholtz  re.sonator  sound  source  system.  This  unit  was 

frequency  sound  source  and  multichannel  array  system  cap-  succes.sfully  tested  to  a  depth  of  2(XX)  m  in  Decemkr  1981 . 
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Figure  1.  Deep  towed  system  configuration. 


Subsequent  effort  concentrated  on  developing  the 
multichannel  hydrophone  array  (672  m  long)  and  high 
data  rate  telemetry  system.  These  systems  were  integrated 
with  the  sound  source  system  and  sea  tested  to  a  depth 
of  4500  m  during  the  summer  of  19H3.  The  hardware 
development  concluded  with  extending  the  array  to  a  total 
length  of  1000  m,  fabricating  a  digital  data  record  system, 
and  incorporating  into  the  system  a  short  baseline  naviga¬ 
tion  system.  The  total  hardware  suite  was  tested  to  a  depth 
of  4500  m  in  September  1984. 

Discussion 

Performance  prediaion  analysis 

The  basic  objective  of  the  deep-towed  system  is  to  pro¬ 
vide  measurements  for  extracting  the  geoacoustic  parame¬ 
ters  of  the  near  subbottom.  Such  parameters  include  sound 
speed  as  a  function  of  depth  and  vertical  thickness  between 
acoustic  reflectors.  The  geoacoustic  parameter  addre.s.scd 
here  is  termed  interval  velocity,  where  interval  velocity 
is  defined  as  the  RMS  sound  speed  in  the  layer  (interval) 
of  interest.  For  a  layer  of  constant  sound  speed,  the  inter¬ 
val  velocity  reduces  to  simply  the  sound  speed  in  the  layer. 
Analysis  by  Gibson  et  al.^’  and  Ghol.son  and  Fagot,''  more 
advanced  than  that  presented  here,  addresses  the  problems 
a.ssociated  with  estimating  sound  .speed  gradients. 

Estimating  the  interval  velocity  of  a  layer  Ixiimded  atx)ve 
and  below  by  acoustic  reflectors  can  be  accomplished  by 
exercising  the  Dix^  equation  shown  below: 

[V  ^  T  -  V  ^  T 

Errors  in  measuring  normal  incidence  travel  time  (T,, 
T^)  were  modeled  as  zero  mean  independent  errors 


uniformly  distributed  with  bounds  ±Tpick  where  Tpick 
is  the  precision  of  measuring  (picking)  reflected  energy 
arrival  times.  Errors  in  the  measured  array  velocities 
^Ai'  ^A2  much  more  difficult  to  model.  The  ap¬ 
proach  was  to  a.ssume  that  the  fittexJ  (X^)  curve  never 
departs  from  the  true  (X^)  by  more  than  that 
associated  with  the  picking  error  Tpick.  Further,  it  is 
assumed  that  the  just-mentioned  is  reliably  true  over  a 
horizontal  span,  X,  equal  to  one-half  the  physical  array 
length.  The  la.st  assumption  is  equivalent  to  assuming  the 
array  is  one-half  its  actual  length  and  a  moveout  curve 
is  successfully  fitted  ( ±  Tpick)  through  returns  from  every 
hydrophone  group.  Stoffa'^  and  simulations  using  realistic 
signal-to-noise  ratios  indicate  the  one-half  array  length 
as.sumption  to  be  reasonable  for  an  array  with  24  equally 
spaced  groups.  This  error  analysis  allowed  for  system 
optimizuJtion.  as  well  as  general  system  performance 
prcxliction. 

This  type  of  error  analysis  was  used  in  comparing  a 
surface-towed  system  with  a  deep-towed  system.  A 
gcxiacoustic  model,  along  with  a  surface  versus  deep-towed 
system  comparison,  is  shown  in  Figure  2.  The  surface- 
towed  system  differs  from  the  deep-towed  system  both 
in  array  length  and  altitude  above  the  layer  of  interest. 
The  increasing  error  for  small  Z  is  due  to  the  water  col¬ 
umn  sound  speed  dominating  the  mea.sured  array  velocity. 
This  effect  is  much  worse  for  the  surface-towed  system, 
since  the  water  column  is  much  thicker. 

Hardware  description 

A  block  diagram  of  DTAGS  hardware  configuration 
is  given  in  Figure  3.  The  sound  source  transducer  and 
power  amplifier  system,  telemetry  system,  and  associated 
electronics  are  located  within  a  deep-towed  vehicle  (fish) 


Ocean  Technology 


ACOUSTIC 
SOURCE  * 


ARRAY  OF  RECEIVERS 


-ARRAY  lENGTH- 


V=1S00m/s 

tV=1700m/s 

Az 


CEAN  BOTTOM 


ARRAY 

ALTITUDE 

t 


LAYER  OF  INTEREST 


TIMING  ERROR  =±0.5  ms 


,ARRAY  ALTITUDE  =  4000  METERS 
ARRAY  LENGTH  =  3600  METERS 


ARRAY  — 

ALTITUDE  =100  AAETERr-— — — - 

I  ARRAY  LENGTH  =1000  METERS 


LAYER  THICKNESS  AZfMETERS) 

Figure  2.  Geoacoustic  model  and  performance  comparison  between  a  surface-towed  and  deep  towed  system. 


towed  at  the  head  of  a  multichannel  array.  The  deep-towed 
system  is  tethered  to  the  tow  ship  with  a  9n0-m  long  coax¬ 
ial  steel  tow  cable.  A  duplex  telemetry  system  communi¬ 
cates  via  the  tow  cable  with  the  deep-towed  system.  Data 
from  the  fish  system  is  then  digitally  recorded  at  the  tow 
ship.  Monitoring  of  system  performance  is  through  a  real¬ 
time  display  system.  The  position  of  the  fish  relative  to  the 
tow  ship  is  provided  by  a  short  baseline  navigation  system. 
Global  position  is  obtained  through  satellite  and  Loran-C 


navigation.  A  tow  cable  heave  accumulator  and  an  array 
handler  winch  constitute  the  system  handling  hardware. 
The  operation  systems  are  located  in  a  portable  van  with  a 
maintenance  facility  and  spares  storage  located  in  a  second 
van.  The  component  designs  of  these  major  subsystems  are 
optimized  to  meet  the  basic  geophysical  data  requirement 
while  still  maintaining  a  hardware  suite  that  can  be  easily 
deployed,  operated,  and  maintained.  A  detailed  descrip¬ 
tion  of  the  total  hardware  suite  is  described  by  Fagot.'^ 


OPCRXnONS  WRN 
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H-!  Nl.'.Tyil 
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Sound  Source  System — The  sound  source  system  hard 
ware  consists  of  a  piezoelectric  Helmholtz  resonator 
transducer  and  a  power  amplifier.  The  amplifier  was 
designed  and  packaged  for  operation  at  full  depth.  The 
transducer  and  power  amplifier  are  mounted  together  in 
the  deep-towed  vehicle  (fish)  as  shown  in  Figure  i.  Also 
identified  are  other  major  subsystems  kxjated  on  the  fish. 

The  sound  source  system  is  capable  of  lull  pc-rformance 
from  near  surface  to  full  cx'ean  depth.  The  system  is  capable 
of  a  nominal  peak  source  level  of  201  dB//l  ^Pa  @  1  m. 
This  level  can  be  achieved  over  a  frequency  range  from 
260  Hz  to  650  Hz.  Directivity  over  this  range  of  frequen¬ 
cies  is  omnidirectional.  Output  pulse  length  is  program 
mable  from  5-ms  minimum  to  a  maximum  of  250  ms  in 
duration.  The  system  is  capable  of  a  full  power  250  m.s 
output  pulse  once  every  12  seconds. 

The  transducer  consists  of  a  Helmholtz  cavity  and  orifice 
driven  by  five  piezoelectric-segmented  ceramic  ring  drivers. 
As  built,  the  transducer  is  approximately  0.7  m  in  out¬ 
side  diameter,  is  1.1  m  long,  and  weighs  800  kg.  The 
design,  development,  and  fabrication  of  this  transducer 
was  performed  by  the  Naval  Research  Laboratory,  Under¬ 
water  Sound  Reference  Detachment  and  is  descrilied  by 
Young.*” 


TOW  GABLE 


TRANSPONDER 


A  (d.iss  S  'Witt  him;  amplifier  was  chosen  as  the  driver 
for  thi’  Helmbolt/  resimator  transducer  due  to  its  small 
relative  si/e  iom|'ared  to  a  linear  amplifier,  such  as  a  Class 
B.  I'he  Class  S  |\)wer  amplifier  system  weighs  approx 
imatelv  2^2  kg  iiiuliiding  pressure  \  es.sc-l)  and  is  housed 
in  a  0.(i  m  diameter  spherical  pressure  vessel.  Due  to  the 
inefficient  \  of  a  dtrp  water  broadband  sound  source,  the 
power  amplifier  is  required  to  deliver  16  kVA  of  reactive 
power.  Other  requirements  of  the  system  called  for  con¬ 
trol  of  output  waveshape  and  frequency.  Also  due  to 
inaccessibility  and  remote  l(x:ation  of  electronics  during 
an  at  sea  operation,  reliability  of  the  power  amplifier  was 
of  prime  concern.  The  design,  development,  and  fabrica¬ 
tion  of  the  power  amplifier  was  performed  by  NORDA. 

The  power  amplifier  system  located  at  the  tow  vehicle 
consists  of  a  waveform  generator,  power  amplifier  modules, 
energy  storage  bank,  and  a  load  matching  network.  Four 
drive  waveforms  are  stored  in  an  erasable,  programmable, 
read  only  memory  (EPROM)  that  is  programmed  prior 
to  deployment.  Selection  of  the  source  drive  waveform, 
along  with  the  source  firing  key  signal,  is  accomplished 
via  the  downlink  telemetry  system.  Energy  for  the 
highpower  output  pulse  is  stored  in  a  0.1 .52  farad  capacitor 
bank.  This  bank  is  trickle  charged  betwt*en  pulses  at  an 
average  rate  of  300  watts  via  the  tow  cable.  The  power 


Figure  4.  Deep-towed  vehicle  (fish)  with  major  subsystems  identified. 
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amplifier  module  controls  the  power  drive  level  and 
waveshape  supplied  to  the  Helmholtz  resonator  transducer. 
Power  transfer  to  the  source  is  optimized  through  the  load 
matching  network,  which  consists  of  a  power  factor  cor¬ 
rection  network  and  an  impedance  matching  transformer. 
The  matching  network  is  housed  in  a  separate  pressure 
vessel. 

Array  System — The  array  design  selected  for  the  deep- 
towed  geophysical  system  is  a  multichannel  hydrophone 
array  similar  to  the  type  used  by  the  marine  exploration 
community.  The  standard  oil-filled  design,  hose,  spacers, 
and  oil-immersed  electromechanical  coupling  presently 
used  are  compatible  with  high  operating  pressures.  The 
array  is  1(X)0  m  long  and  consists  of  12  active  sections 
that  contain  a  total  of  48  hydrophone  groups.  Only  24 
groups  will  be  used  for  a  specific  configuration  to  reduce 
the  telemetry  data  rate  requirement.  A  2-m  interconnect 
section  is  located  at  the  head  of  each  82-m  active  section. 
Each  82-m  active  section  has  an  outside  diameter  of  4.61 
cm;  the  2-m  interconnects  are  either  7.62  cm  or  10.16 
cm,  depending  on  the  sensor  suite,  and  a  50-m  stretch 
section  at  the  head  of  the  array  has  a  diameter  of  6.6  cm. 
The  entire  array  is  designed  to  have  a  tensile  strength 
greater  than  1200  kg  and  for  a  maximum  tow  speed  of 
1,5  m/sec  (3  knots).  A  drogue  parachute  is  attached  to 
the  array  tail  for  tow  stability.  The  interconnect  sections 
contain  heading  sensors,  depth  sensors,  and  hydrophone 
preamplifiers.  Each  active  section  contains  four  hydrophone 
groups.  Figure  5  shows  the  array  on  the  handler  winch. 

The  array  acoustic  design  is  tailored  to  the  deep-tow 
geophysical  system  operational  performance  requirements. 
Forty-eight  hydrophone  groups  are  spaced  uniformly  along 
the  array  with  a  2Tm  separation  between  adjacent  groups. 
Each  hydrophone  group  consists  of  six  elements  with  a 
total  length  of  less  than  60  cm.  The  individual  hydrophones 
are  a  piezoelectric  cylinder  type  that  are  tolerant  to  high 
operating  pres.sures.  Outputs  of  the  hydrophones  are  con¬ 
nected  to  the  preamplifiers  located  in  the  2-m  intercon¬ 
nect  section  at  the  head  of  the  associated  active  section 
via  a  twisted  pair  shielded  cable.  Because  of  the  large 
separation  between  the  hydrophone  group  and  preamplifier 
(approximately  74  m  for  the  last  group  of  each  active  sec¬ 
tion)  and  the  low  group  capacitance,  a  balanced  input 
charge  amplifier  is  used  for  the  preamplifier  to  accom¬ 
modate  these  conditions.  The  combined  sensitivity  of  an 
acoustic  channel  (hydrophone  group  plus  preamplifier)  is 
a  nominal  -  150  dB//l  VlfiPa  with  a  frequency  respon.se 
from  150  to  10(X)  Hz.  The  bandwidth  is  limited  by  filters 
in  the  preamplifier  and  can  be  opened  to  a  band  ranging 
from  10  to  2(XX)  Hz  by  appropriate  component  changes 


in  the  preamplifier.  The  self-noise  of  each  acoustic  chan 
nel  is  less  than  35  dB  (//  1  fiPalyjHz)  over  the  operating 
frequency  band,  which  is  less  than  deep-ocean  Sea  State 
0  ambient  noise.  Each  channel  preamplifier  has  a  built-in 
calibration  oscillator  with  a  unique  frequency  that  pro¬ 
vides  easy  channel  identification  and  an  in  situ  functional 
check  of  the  entire  acoustic  channel,  including  the 
hydrophone  group.  Gain  of  the  preamplifiers  can  also  be 
lowered  20  dB  by  an  external  control  signal. 

The  array  is  equipped  with  a  suite  of  engineering  sen¬ 
sors  to  measure  array  tow  dynamics,  such  as  array  shape, 
tension,  and  tow  attitude.  Each  interconnect  section  con¬ 
tains  a  depth  sensor  and  four  heading  sensors  are  spaced 
uniformly  over  the  array  length.  A  load  cell  at  the  head 
of  the  array  is  used  to  monitor  in-line  array  tension  in 
real  time. 

Ancillary  systems — A  number  of  other  subsystems  are 
required  to  support  the  deep-towed  operations.  An  over¬ 
view  of  these  subsystems  is  presented. 

Telemetry  System.  The  telemetry  system  for  the  deep- 
towed  geophysical  system  provides  full  duplex  communica¬ 
tion  between  the  tow  ship  and  the  tow  vehicle  via  a  9150-m 
coaxial  tow  cable.  System  requirements  call  for  a  data 
transfer  rate  of  1.5  M  bit/sec.  The  telemetry  system  is 
capable  of  handling  tow  fish  power  (300  W)  down  the  cable, 
as  well  as  the  1 .5  M  bit/sec  pulse  code  modulation  (PCM) 
uplink  data  and  low  data  rate  FSK  downlink  control  signals. 


Figure  5.  Deep-towed  array  on  the  array  handler  winch. 
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The  acoustic  signals  from  the  towed  array  are  digitized 
by  a  12-bit  A/D  with  a  4-bit  gain  exponent  floating  point 
amplifier  at  a  sample  rate.  The  FSK  downlink 

control  system  operates  at  a  10  bit/sec  rate.  The  telemetry 
equipment  contained  in  the  tow  vehicle  includes  the  PCM 
encoder  and  FSK  decoder  electronics.  Cable  equalization 
circuits  are  located  on  the  tow  ship. 

The  PCM  uplink  system  provides  30  multiplexed  chan¬ 
nels  for  data  transmission  from  the  deep-towed  vehicle 
to  the  tow  ship.  Twenty-seven  of  these  channels  are  utilized 
for  transmitting  acoustic  channel  data  that  has  been  digit¬ 
ized  by  a  common  floating  point  amplifier  (FPA).  The  FPA 
low  pass  filters  the  data  at  800  Hz.  The  digital  outputs 
of  the  floating  point  amplifier  are  time  division  multiplexed 
with  two  16-bit  frame  synchronization  words  and  a  sub¬ 
multiplexed  engineering  sensor  channel  to  form  a  frame 
containing  thirty  16-bit  words.  This  data  stream  is  Man¬ 
chester  encoded  and  transmitted  to  the  surface  via  the 
tow  cable. 

The  submultiplexed  engineering  sensor  channel  is 
capable  of  handling  256  sensor  channels.  Data  such  as 
the  array  depth  sensors,  array  heading,  and  other  engineer¬ 
ing  sensors  are  transmitted  via  these  subchannels.  The 
subchannels  are  also  used  to  transmit  subsystem  opera¬ 
tional  status  for  real-time  monitoring  by  the  system 
operator. 

Data  Record  System.  The  data  record  system  provides 
the  capability  to  record  the  high  data  rate  and  large  volume 
of  data  generated  by  the  deep-towed  system.  The  data  is 
tape  formatted  in  the  Society  of  Exploration  Geophysicist's 
SEG-D  (Demultiplexed  2 ‘/2-byte  binary  exponent  word) 
as  defined  by  the  Society  of  Exploration  Geophysicists.** 
The  format  provides  the  flexibility  through  header  blocks 
to  record  both  the  global  and  short  baseline  navigation 
parameters  simultaneously  with  the  geophysical  reflection 
data.  Thus,  each  data  tape  will  contain  all  the  informa¬ 
tion  required  for  geophysical  processing. 

The  ability  to  play  back  prerecorded  data  is  also  incor¬ 
porated  into  the  system.  The  engineering  sensor  data  for 
the  deep-towed  system  is  extracted  from  the  recorded  data 
tape  in  a  format  directly  compatible  with  the  engineering 
real-time  display  system.  Also,  up  to  8  channels  of  acoustic 
array  data  can  be  input  directly  into  the  real-time  D/A 
converter  for  display. 

Real  time  display  system.  The  capability  to  monitor 
the  performance  of  the  deep-towed  system  is  provided  by 
a  real-time  display  system.  This  system,  located  in  the 
operations  van,  includes  monitoring,  displaying,  and  record¬ 
ing  engineering  sensor  data  from  the  array  and  fish  located 
sensors;  displaying  acoustic  array  data;  monitoring  and 


recording  tow  ship  located  subsystem  sen.sor  data;  and 
closed  circuit  television  monitoring  of  the  deployment/ 
retrieval  handling  systems. 

Navigation  system.  The  navigation  suite  consists  of  two 
subsystems:  a  short  baseline  system  to  position  the  fish 
relative  to  the  tow  ship  and  a  global  system,  Satnav  and 
Loran  C,  to  geographically  position  the  tow  ship.  The  out¬ 
put  of  both  systems  is  fed  to  the  data  record  system. 

Deep-towed  vehicle  (fish).  The  fish  is  an  aluminum 
open-framed  structure  (Fig.  4).  Since  the  fish  drag  is  small 
at  low  tow  speeds  (0.5 -1.5  knots)  in  comparison  to  the 
tow  cable,  an  unstreamlined  structure  is  employed.  The 
fish  envelope  size  is  1.83  mL  x  0.86  mW  x  1.35  mH. 
The  fish  consists  of  two  substructures  of  approximately 
equal  .size,  with  a  total  weight  of  1.360  kg  in  air  and  1090 
kg  in  water.  One  substructure  houses  the  Helmholtz 
transducer,  which  is  shock-mounted  to  provide  vibration 
isolation.  The  other  substructure  houses  the  sound  source 
power  amplifier  spherical  pressure  vessel,  two  oil-filled  junc¬ 
tion  boxes,  motion  sensors,  a  current  meter,  an  array  ten¬ 
siometer,  and  an  acoustic  transponder.  Three  cylindrical 
pressure  vessels  containing  system  electronics  are  located 
vertically  between  the  two  substructures. 

Vehicle  heave  accumulator  system.  The  ship  surge 
motion  effects  on  the  towed  system  are  minimized  with 
a  tow  cable  tension  accumulator  system.  The  unit  is 
primarily  effective  when  the  fish  system  is  near  the  sea 
surface.  Incorporated  into  the  system  is  a  cable  tension¬ 
monitoring  sensor.  The  lead  sheave,  separate  from  the 
accumulator  system  and  located  at  the  tow  point,  is 
instrumented  with  a  cable-out  sensor. 

Array  handler  winch.  The  array  handler,  a  large 
motorized  drum  (Fig.  5).  is  used  for  deployment  and 
retrieval,  as  well  as  storage  of  the  array.  The  winch  is 
mounted  near  the  fish  deployment  area  to  facilitate  array 
launch  and  retrieval. 

Tow  cable.  The  tow  cable  is  a  coaxial-type  construc¬ 
tion  with  two  contrahelically  wound  layers  of  galvanized, 
high  strength  steel  wires  wrapped  around  a  coaxial  cable 
core.  The  core  has  electrical  characteristics  similar  to 
RG  8U.  The  steel  wire  geometry  provides  a  very  low  cable 
torsional  characteristic,  which  eliminates  the  need  for  an 
eltvtrical  mechanical  swivel  within  the  tow  cable  system. 

Portable  vans.  The  flexibility  to  meet  a  .ship-of- 
opportunity  operation  scenario  is  provider!  by  self-contained 
vans.  An  operations  van  and  maintenance  van  are  part 
of  the  deep-towed  hardware  suite.  The  vans  are  sized  to 
allow  air  shipment  if  necessary. 

Host  ship  support.  The  host  ship  provides  the  deep- 
sea  winch,  cable  traction  unit,  and  the  tow  point  stern 
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“A”  or  “U”  frame.  This  set  of  hardware  is  generally 
available  for  ships  engaged  in  deep-sea  geophysical  research. 
The  deep-sea  winch/traction  unit  must  be  capable  of 
smooth  and  precise  control  of  tow  cable  movement.  Slow, 
creep,  cable  in/out  speeds  are  required  when  lifting  the 
fish  off  or  placing  the  fish  on  the  deck,  and  then  speeds 
up  to  45  m/min  are  required  for  deep  deployment  and 
retrieval.  The  ancillary  units  are  highlighted  in  Figure  3 
by  heavy,  broader  outlines.  The  slip  ring  assembly  incor¬ 
porated  into  the  deep-sea  winch  for  termination  of  the 
coaxial  tow  cable  is  a  part  of  the  deep-towed  system  hard¬ 
ware  suite.  The  ship  must  be  capable  of  making  0.5  knots 
(relative  the  water)  on  any  course  in  a  fully  developed  Sea 
State  6,  with  the  ship  heading  within  45“  of  the  course. 

Engineering  Held  test 

The  final  engineering  evaluation  test  was  performed  in 
September  1984  while  on  a  transit  from  Miami,  Florida, 
to  St.  George,  Bermuda.  This  test  concluded  the  hard¬ 
ware  development  with  extending  the  array  to  a  total 
length  of  1000  m,  fabricating  the  digital  record  system, 
and  incorporating  a  short  baseline  navigation  system. 

The  sound  source  system  again  performed  reliably  dur¬ 
ing  the  test.  An  excess  of  20,000  shot-receive  sequences 
were  initiated.  The  predominant  source  waveform  used 
was  a  260  Hz  to  650  Hz  linear  FM  slide  with  10%  leading 
and  trailing  amplitude  shading  on  a  125-ms  pulse.  Some 
data  was  acquired  with  a  400  Hz,  5-ms  pulse.  A  20-second 
pulse  repetition  rate  was  typical. 

The  array  also  performed  well  during  the  test.  The  array 
shape  typically  experienced  throughout  the  test  is  pictured 
in  Figure  6.  The  real  time  display  system  generates  this 
type  figure  for  tow  performance  monitoring.  Depth  data  is 
annotated  as  D1  through  D9  on  the  figure.  Fish  depth  is 
annotated  as  DF  with  the  artual  depth  value  given  (4343  m 
in  this  case).  Also,  at  the  top  of  the  figure  are  critical  tow 
parameters.  They  include;  tow  speed  (1.22  knots);  array  tilt 
(6“);  delta  depth  between  DF  and  D9  (127  m);  depth  rate  of 
change  (0  m/min);  and  array  tension  (245  pounds).  The 
dip  at  D6  was  caused  by  array  low  fill  oil.  For  the  condi¬ 
tions  typified  by  Figure  6  the  tow  noise  was  a  nominal 
65  dB  (//I  /iPa/x/Hz)  over  the  operating  frequency  band. 

Figure  7  is  an  unprocessed  reflection  field  trace  for  a 
single  array  group  offset  297  m  from  the  source.  This 
type  trace  is  monitored  in  the  field  for  quality  control. 
The  FM  slide  source  waveform  was  u.sed  for  this  data  .sec 
tion.  The  apparent  bottom  .slope  results  from  a  slight 
change  in  .system  tow  depth  during  the  two  and  one-half 
hours  required  for  the  5.7  km  long  profile.  Static  correc¬ 
tions  are  necessary  to  correct  for  this  type  change. 


The  seismic  data  acquired  during  this  engineering 
evaluation  test  is  being  used  to  complete  the  geophysical 
processing  software.  A  short  data  section  has  been  proc¬ 
essed  using  DISCO,  a  standard  processing  package  used 
principally  by  the  oil  exploration  community. 

A  processed  data  section  using  this  package  is  presented 
in  Figure  8.  This  is  a  short  section  from  the  same  loca¬ 
tion  as  the  field  trace  (Fig.  7).  An  11 -fold  CDP  stacked 
section  was  generated.  A  match  filter  routine  was  used 
to  collapse  the  FM  slide  source  signature.  No  static  cor¬ 
rections  were  made  for  this  section.  Although  this  proc¬ 
essed  section  is  only  preliminary,  it  does  show  the  potential 
of  the  deep-towed  system.  In  particular,  the  discontinuity 


■  3303  m' 

tIme 

25  9  ;  b  ;  9 
SPEIOJ: 

1224.8  0:6* 

ciD:  12/ 

PRTE;0 

Tt:NSION:245 

V.. 

or  n 
.  4  3^3  11 

P  2  D 

0  ^  PS 

*  .  ^ — » - - 

ns  “  ’  °  * 

D  9 

•  M 

Figure  6.  Array  shape  pictorial  generated  during  field  test 
by  real  time  display  system. 
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Figure  7.  Single  channel  reflection  field  trace  obtained  at  a 
44fd)  m  system  tow  depth. 
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Figure  8.  An  1 1  fold  CDP  stacked  section  of  deep-tow  data  acquired  at  a  tow  depth  of  4200  m. 


of  beds  at  0.3  seconds  would  be  difficult  to  detect  with 
a  conventional  surface-towed  system. 

The  present  effort  focuses  on  optimizing  this  standard 
processing  software  for  the  deep-tow  data  set.  Areas  of 
concentration  include:  static  corrections  using  array  depth 
sensors  and  moveouts  measured  for  the  source  to  sea- 
surface  to  array  reflection  path;  deconvolution  techniques 
to  optimize  source  signature  collapse;  and  interval  velocity 
measurement  routines  for  the  high-resolution  data  set. 

Summary 

A  new  capability  for  deep-ocean  acoustic  measurements 
is  available  with  the  Deep-Towed  Array  Geophysical 
System.  The  unique  hardware  suite  provides  the  ability 
to  extract  high-resolution  geoacoustic  parameters.  The 
deep-towed  sound  source  and  array  and  the  ancillary  sup¬ 
port  systems  have  been  developed  and  tested  over  the  past 
four  years.  The  final  field  engineering  evaluation  test  suc¬ 
cessfully  operated  the  total  system  to  a  tow  depth  of  4500 
m.  The  geophysical  data  acquired  during  the  test  is  being 
used  to  optimize  processing  software  for  the  deep-towed 
application. 
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NORDA's  Ocean  Sciences  Directorate  comprises  four  divisions:  Ocean 
Sensing  and  Prediction;  Oceanography;  Mapping,  Charting  and  Geodesy, 
and  Seafloor  Geosciences.  Our  aim  is  to  gain  a  better  understanding 
of  the  ocean,  to  devise  ways  of  measuring  and  predicting  the  state  of 
the  ocean  and  its  boundaries  in  terms  of  both  time  and  space,  and  to 
learn  more  about  the  effects  of  the  ocean  environment  on  Navy  systems, 
plans  and  operations. 

In  our  portion  of  this  NORDA  Review,  we  present  more  than  a  score 
of  technical  articles  prepared  by  the  researchers  in  our  divisions  cover¬ 
ing  a  variety  of  disciplines  and  technologies.  These  areas  range  from 
remote  sensing  of  the  ocean  surface,  and  measurement  and  prediction 
of  ocean  variability  at  various  temporal  and  spatial  scales,  to  investiga¬ 
tions  of  the  shape,  structure,  and  evolution  of  the  sea  floor.  In  some 
of  these  studies,  we  trace  the  entire  history  of  a  program  at  NORDA; 
in  others,  we  highlight  current  efforts  and  provide  a  glimpse  of  where 
we  feel  we  are  heading  in  the  near  future. 

Among  our  highest  priority  programs  are  the  development  of 
numerical  models  that  assimilate  remote  sensing  and  in  situ  data  to  pro¬ 
vide  forecasts  of  the  ocean.  Our  goal  is  to  merge  these  models  with 
atmospheric  and  acoustic  models  to  give  the  Navy  a  virtually  real-time, 
total  environmental  forecast  system. 

Another  major  thrust  is  our  nonacoustics  program,  which  is  directed 
toward  defining  the  natural  background  conditions  in  the  ocean.  This 
includes  hydrodynamics,  chemical,  biological  and  potential  fields  to  sup¬ 
port  nonacoustic  antisubmarine  warfare  and  submarine  vulnerability 
programs.  Our  work  in  nonacoustics  has  already  resulted  in  the  develop¬ 
ment  of  state-of-the-art  instruments,  experimental  techniques,  and  predic¬ 
tion  models. 

In  the  long  term,  the  efforts  of  the  directorate  will  continue  to  focus 
on  remote  sensing,  oceanography,  ocean  forecasting,  acoustic  boundary 
interaction  and  nonacoustics.  However,  increased  emphasis  will  be  placed 
on  mapping,  charting  and  geodesy,  the  development  of  a  total  environ¬ 
mental  forecast  system,  especially  on  tactical  scales,  and  environmental 
support  for  the  Navy’s  weapons  acquisition  process. 


Remote  Sensing 


Remote  Sensing  at  NORDA 

Jeffrey  Hawkins 

Ocean  Sensing  and  Prediction  Division 

Abstract 

NORDA  is  actively  involved  in  a  variety  of  basic,  exploratory,  and  advanced 
development  research  aimed  at  satisfying  naval  needs  by  using  remotely  sensed 
data.  These  tasks  are  addressed  by  incorporating  appropriate  space-borne  instru¬ 
ments  as  required.  These  efforts  are  complex  and  varied.  GEOS  AT  altimeter 
sea  surface  topography  data  is  combined  with  infrared  imagery  to  locate  fronts 
and  eddies  and  to  study  the  ocean’s  energetics.  Passive  microwave  measurements 
are  applied  to  map  out  polar  sea  ice  and  to  investigate  the  effects  of  wind-induced 
ambient  noise.  Field  programs  test  the  capabilities  of  synthetic  aperture  radars, 
passive  microwave,  and  altimetry  to  define  such  parameters  as  sea  ice  and  sur¬ 
face  wave  fields.  Application  development  for  using  remotely  sensed  data  aboard 
naval  vessels  and  at  regional  centers  for  present  satellites  (GEOSAT  and  NOAA-9) 
and  future  satellites  (NROSS)  is  actively  pursued.  Artificial  intelligence  and  ex¬ 
pert  systems  to  upgrade  image  processing  techniques  are  investigated.  Investiga¬ 
tion  of  the  western  Mediterranean  Sea  circulation  by  means  of  an  international 
NORDA-led  experiment  is  ongoing.  The  rapidly  growing  field  of  satellite 
oceanography  has  enabled  the  Navy  to  begin  incorporating  new  global  synoptic 
data  sources  to  address  its  ever-increasing  needs  for  environmental  data. 


Introduction 

The  U.S.  Navy  has  a  major  interest  in  the  application 
of  remote  sensing  data,  especially  satellite  data,  to  pro¬ 
vide  accurate  synoptic  views  of  oceanic  parameters  for  real¬ 
time  analyses.  There  is  also  a  growing  naval  need  to  use 
these  data  to  initialize,  force,  and  verify  ocean  variabilities 
expressed  in  the  form  of  numerical  model  forecasts.  The 
basic,  exploratory,  and  advanced  development  research  on 
the  Navy's  oceanographic  applications  of  remotely  sensed 
environmental  data  is  a  vital  activity  at  NORDA. 

One  of  NORDA's  major  efforts  is  toward  obtaining 
quantitative  oceanographic  parameters  (i.e.,  sea  surface 
temperature,  phytoplankton  concentration,  sea  surface 
topography,  .sea  ice  concentration,  etc.).  Thus,  a  prime 
concern  is  the  refinement  of  geophysical  algorithms  to 
provide  increased  absolute  accuracy.  The  goal  of  these  ef¬ 
forts  is  to  apply  the  corrected  data  toward  fulfilling  Navy 
requirements. 

To  improve  our  understanding  of  remotely  .sen.sed  data 
and  its  correlation  with  other  geophy.sical  parameters,  we 
use  image  enhancement  techniques  and  the  accurate 


navigation  or  registration  of  the  data.  The  latter  is  most 
important,  since  it  allows  the  data  to  be  coregistered  with 
other  oceanographic  data  and  to  be  quantitatively  compared 
with  remotely  sensed  data  from  other  periods.  Combining 
high-precision  geometric  coregistration  of  remote  sensing 
data  sets  with  other  data  bases  (i.e.,  bathymetry,  coastline, 
digitized  fields,  etc.)  can  provide  maximum  understanding 
and  precision  of  many  oceanographic  problems. 

This  report  focuses  on  present  research  within  NORDA 
and  on  some  of  the  future  roles  that  remote  sensing  has 
for  Navy  oceanographic  applications. 

Discussion 

Present  research 

Thermal  infrared— hir\y  work  centered  primarily 
around  the  use  of  infrared  sensors  and  their  capability  to 
detect  surface  thermal  signatures  of  various  ocean  features. 
A  major  program  focused  on  using  GOES  data  (8  km) 
to  eliminate  the  ma.sking  effects  of  clouds.  The  “warmest 
pixel"  compositing  technique  was  routinely  used  to  save 


Remote  Sensing 


the  cloud-free  or  warmest  portions  of  multiple  images,  so 
that  the  composite  represented  the  least  cloud-contaminated 
data  set.  Five  months  of  data  have  been  processed  this 
way  to  qualitatively  compare  the  Gulf  of  Mexico's  circula¬ 
tion  with  the  numerical  model  results  of  Hurlburt  and 
Thompson  (1980)  (Hawkins  and  Thompson,  1982). 

Present  research  programs  utilize  the  NOAA  thermal 
infrared  sensors  (Advanced  Very  High  Resolution 
Radiometer — AVHRR)  because  of  their  high  spatial  and 
thermal  resolution  and  multi-infrared  channel  capability. 
Algorithms  have  been  developed  similar  to  those  of  Strong 
and  McClain  (1984),  where  multiple  thermal  infrared  chan¬ 
nels  correct  for  atmospheric  contamination  and  obtain  abso¬ 
lute  sea  surface  temperatures  with  an  accuracy  of  0.5“C 
(Holyer  et  al.,  1983).  These  results  have  come  from 
numerous  comparisons  of  satellite  data  with  research  ship 
expendable  bathythermograph  and  bucket  temperatures, 
while  real-time  imagery  was  used  to  guide  the  vessel  to 
the  mesoscale  features  of  interest.  Partly  as  a  result  of 
these  findings,  the  "weighting”  of  multichannel  sea  surface 
temperatures  used  to  produce  sea  surface  temperature 
analyses  with  ship  and  bathythermograph  reports  at  the 
Fleet  Numerical  Oceanography  Center  (FNOC)  has  been 
increased.  NORDA  has  also  developed  a  two-satellite 
technique  that  produces  very  accurate,  absolute  sea  surface 
temperatures  by  geometric  pathlength  corrections  instead 
of  the  multispectral  approach  previously  outlined  (Holyer, 
1984). 

Oceanographic  circulation  studies  have  also  been  con¬ 
ducted  by  rapidly  displaying  time  sequences  of  NOAA 
infrared  imagery  in  the  Gulf  of  Mexico,  the  Grand  Banks 
(La  Violette,  1983),  the  western  Mediterranean  Sea,  and 
the  Gulf  Stream.  In  these  studies,  numerous  NOAA 
satellite  images  are  geographically  regi.stered  to  within  I 
km  accuracy  and  atmospherically  corrected  to  obtain  abso¬ 
lute  sea  surface  temperatures.  Movements  of  major  fronts 
and  eddies  can  readily  be  detected  by  forming  a  movie 
loop  of  the.se  images.  Such  .studies  have  provided  informa¬ 
tion  on  both  the  temporal  and  spatial  variability  needed 
to  correlate  with  ship  hydrographic  data  and  to  enhance 
the  understanding  of  the  ocean's  dynamic  circulation. 

Figure  1  is  a  false  color  image  of  NOAA-7  channel  4 
(10.3-11.3  fim)  on  28  April  1983.  This  striking  cloud- 
free  calibrated  image  of  the  Gulf  Stream  shows  the  develop¬ 
ment  of  meanders  and  the  presence  of  cold  and  warm  core- 
rings.  The  warm  core  ring  at  67''W  is  ea.sily  note-d  as  Ix-ing 
warmer  than  the  older  one  northeast  of  Norfolk.  Virginia. 
This  westernmost  ring  has  entrained  cooler  slope  water 
during  its  journey  to  this  position  and  now  has  a  cool 
center  at  the  surface  with  warmer  water  on  the  edges. 


Other  features,  such  as  warm  filaments  and  large  diurnal 
heating  north  of  Bermuda  and  the  diffu.se  nature  of  the 
Gulf  Stream  near  63“W,  are  also  clearly  evident.  This  infor¬ 
mation  is  important  to  Navy  acoustic  propagation  predic¬ 
tion  and  represents  a  prime  NORDA  study  area. 

A  higher  resolution  (1  km)  subsection  of  Figure  1  has 
been  processed  with  a  modified  Frei-Chen  edge  enhance¬ 
ment  filter  (Fig.  2).  Filter  weights  were  cho.sen  .so  that 
the  intensity  at  each  point  was  replaced  by  a  3x3  finite 
difference  approximation  to  the  original  image.  A  linear 
contrast  enhancement  was  applied  to  the  image  prior  to 
the  filtering.  The  results  provide  the  impression  of  relief 
based  upon  the  sea  surface  temperature.  The  relief  shown 
is  the  reverse  of  that  in  nature,  in  that  the  white  (cold 
core)  rings  should  represent  a  depression  in  the  ocean  sur¬ 
face  and  not  a  rise  (courtesy  of  M.  Lybanon,  NORDA). 

Visible — The  applications  of  visible  satellite  sen.sors 
were  directed  toward  both  coastal  hydrographic  problems 
and  mesoscale  oceanographic  variability  (Arnone  and 
Holyer,  1984;  and  Arnone  and  La  Violette.  1983).  As 
a  result  of  the  frequent  repeat  time  (3  consecutive  days 
of  coverage  followed  by  a  2-day  absence),  the  CZCS  im¬ 
agery  aboard  Nimbus-7  is  presently  being  used  for  studies 
of  dynamic  bio-optics  and  physical  oceanography.  Subtle 
changes  in  ocean  color  detected  by  CZCS  result  from 
biological  and  chemical  changes  within  the  upper  ocean 
surface.  Since  the  ocean  color  represents  about  10%  of 
the  total  signal  sensed  by  CZCS.  effective  methods  of 
eliminating  the  atmospheric  contamination  are  critical. 
Algorithms  are  presently  being  developed  and  validated 
in  which  atmospheric  correction  and  quantitative  images 
of  the  phytoplankton  concentration  and  diffu.se  attenuation 
coefficients  of  the  upper  ocean  surface  are  being  derived. 
The  probable  causes  of  the  ocean  color  signals  arc  under 
inve.stigation.  as  is  the  influence  resulting  from  the 
biochemical  optical  properties. 

The  CZCS  data  provides  temporal  and  spatial  variability 
of  the  bio-optical  properties  and  updates  our  understanding 
on  how  ocean  productivity  is  linked  to  ocean  dynamics. 
Our  understanding  of  the  upper  ocean  dynamics  is  im¬ 
proved  by  examining  the  correlation  between  the  ocean 
color  (CZCS)  and  the  sea  surface  temperature  (AVHRR). 

Hydrographic  applications  have  lieen  established  in 
coastal  areas  by  using  Land.sat  multispectral  data.  Programs 
have  addressed  the  potential  of  using  remote  sensing  for 
charting  water  depth  and  coa.stal  water  clarity.  The  digiti/.ii 
tion  and  subsequent  overlay  of  bathymetric  charts  clearly 
reveal  areas  of  concern  where  currents  and  waves  have 
modified  the  bottom  topography  to  the  extent  that  naviga¬ 
tion  hazards  might  exist. 
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Figure  1.  NOAA  7  infrared  channel  4  (10.3-1 1 .5  f>.m)  false  color  image  illustrates  mesoscale  features  of  the  Gulf  Stream  system. 


Microwave — In  recent  years,  active  microwave  instru¬ 
ments  have  taken  on  a  larger  role  in  oceanographic  remote 
sensing.  The  use  of  altimeters  for  deriving  .sea  surface 
topography,  significant  wave  height  (H  V3),  sea  ice  edge, 
and  surface  wind  speed  is  now  being  actively  pursued  in 
NORDA's  GEOSAT  Oceanographic  Applications  Pro¬ 
gram  and  the  Northwest  Atlantic  Regional  Energetics 


Experiment  (REX).  The  combination  of  the  altimeter 
(launched  12  March  1985)  sea  surface  topography,  air¬ 
borne  expendable  bathythermographs,  in  situ  inverted  echo 
sounders  with  bottom  pressure  gauges,  conductivity- 
temperatu re-depth  probes,  and  coincident  high-resolution 
infrared  data  will  provide  the  basis  for  developing  methexJs 
to  map  the  quasi-synoptic  ocean  mesoscale  activitv. 
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•  data  assimilation  methods  for  ingestion  of  altimetric 
data  into  regional  numerical  circulation  models. 

A  major  objective  of  the  associated  GOAP  to 
demonstrate  a  real-time  capability  to  process  satellite 
altimetry  for  use  in  standard  Navy  environmental  prod¬ 
ucts,  such  as  maps  of  fronts  and  eddies,  wave  models, 
marine  wind  analyses  and,  eventually,  mesoscale  resolv¬ 
ing  circulation  models  and  resulting  products  (Lybanon, 
1984).  Oceanography  from  GEOS  AT  will  be  greatly 
enhanced  if  present  plans  for  an  extended  repeat  mission 
come  to  fruition  after  the  initial  18-month  geodetic  study 
(Mitchell,  1983).  Properly  spaced  colinear  tracks  would 
open  up  many  new  areas  of  research  and  operational 
demonstration  potential. 

The  synthetic  aperture  radar  (SAR)  is  another  active 
sensor  taking  on  increased  importance  in  NORDA’s 
research.  The  SAR’s  high  resolution,  all-weather  capability 
for  sea  ice  and  ocean  surveillance  presents  substantial  poten¬ 
tial  for  Navy  applications  (La  Violette,  1983).  However, 
a  major  concern  is  the  high  signal  processing  requirements. 
NORDA  plans  active  participation  in  ground  truth  efforts 
for  the  Shuttle  Imaging  Radar,  SIR-C  instrument.  This 
effort  will  serve  as  a  precursor  to  Navy  applications  of 
a  SAR  satellite  to  be  launched  in  the  late  1980s  or  early 
1990s. 

The  active  microwave  scatterometer  planned  for  the 
Navy  Remote  Ocean  Sensing  System  promises  to  provide 
global  synoptic  surface  wind  stress  values  that  will  apply 
to  a  wide  range  of  Navy  needs.  The  successful  assimila¬ 
tion  of  scatterometer  retrievals  with  conventional  data 
sources  will  provide  the  potential  to  significantly  improve 
wind  forcing  forecasts  required  by  the  Navy's  three- 
dimensional  thermal  prognostic  models,  as  well  as  the  spec¬ 
tral  ocean  wave,  ambient  noise,  ocean  current,  and  ice 
drift  models.  The  surface  wind  vector  information  will 
also  have  great  potential  for  providing  nowcasts  for  large 
swaths  of  the  ocean  in  and  around  naval  operational  areas. 
This  wealth  of  data  will  significantly  upgrade  carrier  Pight 
operations,  sea  state  forecasts,  and  several  aspects  of  anti¬ 
submarine  warfare,  as  well  as  search  and  rescue. 

Research  is  continuing  this  year  with  regard  to  applica¬ 
tions  of  passive  microwave  satellite  data.  NORDA  is  in 
the  process  of  preparing  the  Special  Sensor  Microwave/ 
Imager  (SSM/I),  scheduled  for  launch  in  1986,  for  Navy 
use.  Adding  this  sensor  to  the  DMSP  platforms  will  pro¬ 
vide  global  coverage  of  sea  ice  conditions,  surface  wind 
'  speed,  water  vapor,  rain  rate,  and  several  other  parameters. 

I  This  sensor  is  similar  in  many  respects  to  the  SEASAT 

I  and  Nimbus-7  Scanning  Multichannel  Microwave 

'  Radiometer,  but  differs  in  that  it  will  retrieve  a  different 

I 

f 

I 

I 


suite  of  frequencies  (19,  22,  37  and  85  GHz)  optimized 
for  sea  ice  and  atmospheric  water  vapor,  but  lacking  sea 
surface  temperature  measurement  capabilities. 

The  12-km  resolution  sea  ice  edge  and  25-km  sea  ice 
concentration  and  age  data  from  the  SSM/1  will  be  of  prime 
concern  to  the  Naval  Polar  Oceanography  Command  in 
Suitland,  Maryland  (Eppler,  1983).  NORDA  is  working 
with  FNOC,  the  Naval  Research  Laboratory,  and  the  At¬ 
mospheric  Environment  Service  of  Canada  to  ensure  that 
the  SSM/I  sea  ice  algorithms  are  accurately  validated 
(Eppler  and  Hawkins,  1985).  The  SSM/I  continuing  series, 
now  set  for  DMSP  launch  through  the  early  1990s, 
guarantees  the  accessibility  of  this  critical  data  for  Navy 
polar  operations. 

Coordinated  studies 

The  method  of  solving  a  specific  oceanographic  problem 
that  has  shown  the  best  return  for  the  effort  required  is 
the  combination  of  several  sensors  covering  different  spec¬ 
tral  bands.  Such  studies  emphasize  the  cross  comparison 
of  several  remotely  sensed  data  sets  with  themselves  and 
with  in  situ  data.  This  cross  comparison  results  in  a 
synergism  not  possible  if  the  studies  were  done  individually. 
Such  studies  were  carried  out  in  1982  in  the  Alboran  Sea 
where  satellite  visible  and  infrared  data  were  combined 
with  aircraft  remote  sensing  instruments,  onshore  special¬ 
ized  radars,  ship  data,  and  deep-sea  moorings.  The  results 
from  these  data  sets  are  currently  being  analyzed  and  com¬ 
bined  with  numerical  ocean  models  to  solve  one  oceano¬ 
graphic  process:  the  circulation  of  the  Alboran  Sea  (Donde 
Va?,  1984).  In  this  regard,  NORDA  is  working  with  other 
U.S.  and  European  institutions. 

A  larger  program  with  a  similar  purpose  is  an  experi¬ 
ment  planned  for  October  1985  through  October  1986. 
Called  the  Western  Mediterranean  Circulation  Experiment, 
this  NORDA-led  effort  will  combine  the  continuous 
monitoring  by  satellites  of  the  entire  Western  Mediterra¬ 
nean  with  in  situ  measurements  taken  by  strategically 
placed  ships  and  current  meter  moorings.  Aircraft  data 
will  also  be  collected  to  further  provide  detailed  synoptic 
remote  sensing  data  along  with  those  provided  by  expend¬ 
able  aircraft  instruments.  The  effort  will  combine  the 
advantages  of  the  broad,  synoptic  data  sweeps  provided 
by  satellite  (and  aircraft)  remote  .sensing  instruments  with 
the  detailed  finescale  measurements  provided  by  ships  and 
moorings.  The  results  of  these  data  .sets  will  be  interac¬ 
tively  combined  with  models  to  provide  an  understanding 
of  the  regions'  surface  and  subsurface  circulation. 
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Conclusions 

During  its  first  10  years  in  operation,  NORDA’s  remote 
sensing  capabilities  and  expertise  have  developed  con¬ 
siderably,  as  has  satellite  oceanography  in  general.  One 
of  the  purposes  of  this  article  is  to  familiarize  the 
oceanographic  and  remote  sensing  communities  with 
NORDA’s  expanding  role  in  satellite  oceanography  for 
basic  and  applied  ocean  research.  The  newly  acquired  real¬ 
time  Satellite  Data  Receiving  and  Processing  System 
represents  an  asset  that  will  be  used  extensively  in  research 
programs  that  cover  a  wide  range  of  current  and  future 
NORDA  programs. 

As  noted  earlier,  a  major  goal  within  NORDA  has  been 
to  assimilate  in  situ  oceanographic  data  with  processed 
satellite  environmental  data  to  answer  specific 
oceanographic  questions.  This  difficult  and  costly  under¬ 
taking  requires  extensive  preparation  and  resources, 
especially  in  Araic  programs.  The  oceanographic  research 
community  is  urged  to  take  advantage  of  NORDA’s 
remote  sensing  capabilities  through  cooperative  programs. 
Questions,  comments,  and  inquiries  from  researchers  con¬ 
ducting  similar  or  complementary  work  are  welcome. 
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Western  Mediterranean  Circulation  Experiment 

Paul  E.  La  Violette 

Ocean  Sensing  and  Prediction  Division 

Abstract 

The  Western  Mediterranean  Circulation  Experiment  is  planned  for  November 
1985-September  1986.  The  preliminary  objective  of  this  NORDA-led,  interdisci¬ 
plinary,  multiplatform  experiment  is  to  gather  the  knowledge  and  data  base  for  an 
area-wide  ocean  laboratory  useful  in  evaluating  satellites  in  the  1990s.  The  experi¬ 
ment  design  will  center  on  determining  the  circulation  of  the  western  Mediterrane¬ 
an  Sea  on  scales  ranging  from  basin-sized  to  1  km.  The  result  will  be  a  dynamically 
and  statistically  correct  representation  of  the  circulation  in  terms  adequate  for 
understanding  chemical  and  biological  transport  and  for  climatic  studies. 


Introduction 

In  the  1990s,  satellites  will  be  orbited  with  suites  of 
diverse  sensors  unparalleled  by  previous  orbited  systems. 
Practical  methodology  suggests  that  for  these  new  sensors 
to  be  developed  to  full  oceanographic  potential,  they  should 
be  “field-tested”  over  an  ocean  area  whose  physical  param¬ 
eters  are  well  known.  Such  an  oceanic  laboratory  is  provid¬ 
ed  by  the  Mediterranean  Sea.  The  compact  size  of  this  sea, 
its  physical  properties,  and  comparative  moderate  climate, 
as  well  as  the  accessibility  and  quality  of  its  shore  facilities 
and  research  institutions,  combine  to  make  it  a  unique, 
ideal  area  for  satellite  sensor  development. 

Although  the  basic  events  that  determine  the  Medi¬ 
terranean  Sea’s  physical  characteristics  are  understood, 
a  great  deal  is  unknown.  Recent  technological  advances, 
the  availability  of  cooperative  laboratories,  and  the  coin¬ 
cident  timing  of  several  complementary  oceanic  experi¬ 
ments  provide  a  rare  opportunity  to  overcome  these 
knowledge  deficits. 

An  international  NORDA-led  experiment  will  take  place 
during  November  1985-September  1986.  The  experiment 
will  take  advantage  of  the  coinciding  events  mentioned  to 
endow  the  western  Mediterranean  Sea  as  an  oceanic  labora¬ 
tory  suitable  for  fully  developing  satellites  for  the  future. 

Discussion 

The  scientific  problem 

The  western  Mediterranean  Sea  circulation  is  described 
in  simplified  patterns  (Fig.  1).  Although  intensive  studies 


Figure  1.  Surface  currents  during  winter  {after  Ovchinnikov, 
1966). 

have  been  made  of  small  regions  in  the  sea,  overall  cir¬ 
culation  studies  have  been  limited  by  study  techniques, 
available  technology,  and  national  interests. 

When  the  results  of  these  regional  studies  are  coupled 
with  recent  information  available  from  satellite  imagery 
(Fig.  2),  the  circulation  in  the  upper  layer  is  indicated  to 
be  more  complex  than  the  generalized  studies  show.  The 
combined  data  indicate  that  this  circulation  is  composed 
of  a  series  of  interconnected  mesoscalc  patterns  or  gyres 
modified  by  bathymetry,  sea.sonal  changes,  meteorology. 
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Fiii;iirc  2.  NOAA  ()  infriired  iniiii^e  taken  of  a  portion  of  the  u-estern  Mediterranean  Sea  on  6  June  19(d).  (Imapc  received 
h\  (,e litre  de  Meteorolox’ie  Spatiale,  (.annum,  f  ranee.  i 


and  tides  (I'hilipiv  .ind  Il<irank;.  IVSJ;  Millot.  19Si;  and 
/XrnoiU'  ami  l.a  X  iolctte.  I'ASCi). 

L'niil  the  ri'ceni  .iv.til.ihiliiy  ot  ii)n)[iul(.T  reitistered  and 
ainidsphericall)  correiled  satellite  imat’ery  (l  itts.  ^  ami 
II.  ne  attemi't  eiuikl  he  made  to  study  tile  |ihysieal  inter 
relati<inships  ot  these  |ihenomena.  Now  that  sueh 
lethnoloyt  is  availalde.  a  study  tisini;  a  multidiseiplin.iry 
approach  is  possible.  I  his  is  the  ration.de  tor  the  Western 
.Mediterranean  (arculation  lixix-riment  (WiMCdt).  WiMCl' 
eotikl  |irovide  .itiswers  lor  si'M-r.il  oce.inii  c|uestions. 

•  U'h.it  .ire  the  (iriitie  le.itiires  ot  the  western  Mediter 
r.ine.iti  Se.i  eiri  iil.ition.  .ind  how  do  these  te.itures  sp.iti.il 
Iv  .ind  tem|ior.illy  \.iry.^ 

•  Wh.it  .ire  the  h.isii  tonitut  mei  h.inisms  ih.it  control 
the  circiil.itioii.'' 


•  How  cloes  the  circulation  altect  the  chemical, 
biolouical.  and  optical  properties  ot  the  western  Mediter¬ 
ranean  Sea.' 

•  How  can  this  knowledi;e  be  implemented  into 
numerical  models.' 

The  WMCE  approach 

State  ot  the  art  numeric.il  methods  .ire  c.ip.ible  ot 
re.ilisticalK  modelini;  .i  b.isin  the  si/e  ot  the  western 
.Mediterranean  Sea  (i.e..  Irom  the  Strait  ot  Gibraltar  to 
the  Str.iit  ol  Sicilyi  and  to  resoKc  the  mesose.ile  circul.i 
lion.  Such  modelinu.  in  conjunction  with  the  synoi'iic 
me.isurements  ol  bound.iry  conditions  li.e..  the  How 
lliroui;li  both  sir.iiis  .met  the  meieoroloi;\  i  .md  tield 
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Figure  J.  A  Nimbus-l  Coastal  Zone  Color  Scanner  mage  taken  November  29.  1979.  This  visible  range  imat^e  has  been  at 
mospheru-ally  corrected  and  represents  the  ratio  of  upwelling  radiance  at  443:550  nanometers.  The  patterns  presented  arc 
directly  related  to  the  phytoplankton  concentration  and  diffuse  attenuation  coefficient.  The  ellipsoid  shaped  eddies  in  the  tk’un 
e.xtend  approximately  120  km  offshore  (Arnone  and  Im  Violette.  I9,S6,. 


measurements  to  conform  ttr  sus>>est  modification  to 
models,  provides  the  natural  framework  for  WMCli. 

Logically  included  in  WMCE  are  studies  of  the  In 
termediate  and  Deep  Waters.  Knowledjje  of  the  details 
ol  their  lormation  and  suhsetjuent  flow  paths  is  critical 
toward  understandintt  the  circulation  of  the  sea  (equallv 
important,  such  knowledt’e  can  provide  an  understanding; 
ol  similar  jinKtsses  occurriny  in  other  less  accessible  areas 
ot  the  workl's  oceans). 

I  he  W'MCb.  approach  includes  intensi\e  studies  in 
scM'ral  iritKal  reyions  within  the  sea.  The  most  impor- 
t.int  ot  thesi'  are  studn’s  ot  the  inflows  and  outflows  throiiyh 
the  boumlart  sir.iits  at  (jibr.iltar  and  Sicily.  Knowledge 
ot  these  tlows  is  rei|uireil  to  umlerstand  the  local  dvnamics 
ot  How  near  thesi'  straits  and  the  tluxes  of  water,  heat. 


salt,  nutrients,  and  pollutants  in  both  the  Mediterranean 
and  the  North  Atlantic  (estimates  of  these  flu.xes  throuyh 
these  straits  are  presently  based  on  a  limited  number  ot 
short  term  measurements  and  assumptions). 

Duriny  WMCh.  ;i  continuous  set  of  moorinys  will  be 
maintained  for  one  year  in  the  Strait  ot  Gibraltar  (these 
will  be  part  of  an  onyoiny  cooperative  experiment  the 
ON'R-sponsored  Gibraltar  Experiment)  and  tor  a  sliyhtiv 
shorter  period,  in  the  Strait  ot  Sicily.  In  addition  to  the 
mixirinys  in  the  straits,  several  shorter  term  moorinys  will 
be  installeil  in  selected  areas  diiriny  the  season.il  inten 
sive  phases  ot  the  exjuTiment.  The  spot  inlormation  pro 
videil  by  these  measurements  will  be  expanded  by  spatial 
measurements  made  from  satellites,  ships,  aircratt.  attd 
drifter  buovs.  the  analvsis  o|  thi'se  i.irious  d.it.i  si  ts  will 


Figure  4.  The  full  resolution  of  the  image  in  Figure  3-  The  higher  resolution  shows  details  of  the  high  color  signatures  that 
dominate  the  western  periphery  of  the  an ticy clonic  eddies. 


be  intej’rated  to  derive  the  spatial  and  temporal  variabili¬ 
ty  of  the  western  Mediteranean  circulation. 

WMCE  methodology  and  operation  plan 

It  is  important  to  emphasize  that  an  interdisciplinary 
methodology  is  the  mainstay  of  WMCE.  Because  of  this, 
the  international  team  of  investigators  formed  to  conduct 
the  experiment  is  composed  of  biological,  chemical,  model¬ 
ing,  physical  and  remote-sen.sing  oceanographers,  as  well 
as  meteorologists. 

An  operation  plan  de.scribing  the  field  events  propo.sed 
by  the  individual  investigators  is  presented  in  Table  1. 
The  12-month  field  experiment  will  allow  phy.sical. 


biological,  and  chemical  data  to  be  collected  during  a  com¬ 
plete  seasonal  cycle. 

Summary 

In  essence,  the  WMCE  is  an  interdisciplinary,  multiplat¬ 
form  experiment  whose  preliminary  objective  is  to  deter¬ 
mine  the  circulation  of  the  western  Mediterranean  Sea 
on  scales  ranging  from  basin-sized  to  1  km.  fhe  result 
will  be  a  dynamically  and  statistically  correct  representa¬ 
tion  of  the  circulation  in  terms  adequate  for  understand¬ 
ing  chemical  and  biological  transport  and  for  climatic 
studies.  Its  results  will  form  the  ba.sis  for  future  inter¬ 
disciplinary  experiments  and  provide  a  solid  data  base  to 
evaluate  the  satellites  that  will  be  orbited  in  the  1990s. 
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Ocean  Surface  Wave  Studies  at  NORDA 

Ming  Y.  Su  and  Robert  E.  L.  Pickett 
Oceanography  Division 


The  study  of  nonlinear  dynamics  of  surface  gravity 
waves  started  at  NORDA  in  1978.  A  52-foot-long 
mechanical  wavemaker  was  constructed  at  that  time  in 
the  outdoor  Flood  Plain  Basin  at  the  National  Space 
Technology  Laboratories  (NSTL)  site.  A  12-foot  section 
of  the  wavemaker  was  occasionally  installed  on  an  indoor 
tow  tank  at  NSTL. 

Among  the  most  significant  results  of  this  continuing 
study  of  the  fundamental  characteristics  of  finite  amplitude 
waves  were  that  the  three-dimensional  instabilities  have 
a  greater  growth  rate  than  the  essentially  two-dimensional 
Benjamin-Feir  instability  for  wave  steepness.  These  in¬ 
stabilities  show  a  propagation  speed  that  is  equal  to  the 
phase  speed  of  the  unperturbed  waves. 

We  also  found  that  the  Benjamin-Fier  instabilities  lead 
to  a  frequency  downshift  from  the  fundamental  frequen¬ 
cy  of  the  wave  train,  or  packet.  They  also  generate  stable 
two-dimensional  envelope  solitons. 

A  symmetric  bifurcation  of  two-dimensional  Stokes 
waves  into  a  three-dimensional  array  of  crescent-shaped 
wavelets  has  also  been  observed.  These  wavelets  show  a 
180®  phase  shift  between  successive  rows  with  slopes 
greater  than  0.25.  These  waves  resemble  the  three- 
dimensional  breaking  waves  often  observed  at  sea.  For 
slopes  between  0.16  and  0.18,  the  two-dimensional  Stokes 


waves  again  transitioned  into  three-dimensional  wave 
groups  that  are  then  further  subject  to  the  Benjamin-Feir 
instability. 

In  addition,  an  extensive  statistical  analysis  of  ocean 
storm  waves  collected  in  the  Gulf  of  Mexico  and  the  North 
Sea  led  to  the  discovery  of  several  new  features  in  the 
characteristics  of  wave  groupings,  and  in  the  joint  prob¬ 
ability  density  of  wave  heights  and  periods.  Also,  a  new 
concept  of  extreme  wave  groups  is  under  investigation. 

Most  recently,  an  air-sea  interaction  measurement 
system  was  installed  on  a  portable  research  tower  located 
in  Lake  Pontchartrain,  near  New  Orleans,  Louisiana.  The 
data  analysis  of  the  first  set  of  measurements  of  three- 
dimensional  waves  is  underway. 

Another  area  of  wave  study  is  being  conducted  to 
develop  techniques  to  verify  and  upgrade  the  global  sur¬ 
face  wave  model  at  the  Fleet  Numerical  Oceanography 
Center  (FNOQ.  The  approach  being  taken  includes  review¬ 
ing  all  operational  wave  prediaion  models  to  identify  can¬ 
didates  for  comparison  with  the  FNOC  wave  prediction 
model;  developing  test  procedures  for  running  the  inter¬ 
comparisons;  and  creating  techniques  for  verifying  wave 
models  that  may  include  GEOSAT  and  instrumented 
drifters. 
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Thermal  Analysis  and  Prediction  at  NORDA: 

An  Overview 


Paul  W.  May,  Paul  J.  Martin,  Alex  C.  Warn-Varnas,  and  John  M.  Harding 
Ocean  Sensing  and  Prediction  Division 

Abstract 

Extensive  research  into  the  analysis  and  prediction  of  the  temperature  field 
of  the  upper  500  m  of  the  ocean  is  being  conducted  at  NORDA.  Because  the 
upper  ocean  thermal  structure  is  an  important  element  in  predicting  ocean  sound 
propagation.  This  research  led  to  the  operational  implementation  of  upper  ocean 
thermal  analysis  and  prediction  systems,  designated  OTIS  and  TOPS,  respec¬ 
tively.  This  overview  briefly  describes  the  need  for  an  upper  ocean  analysis  and 
forecast  capability,  outlines  the  physical  basis  for  analyzing  and  predicting  the 
upper  ocean  thermal  field,  describes  some  formal  aspects  of  the  OTIS  and  TOPS 
software  systems,  and  presents  representative  results  from  both. 


Introduction 

Numerical  ocean  modeling  covers  a  broad  range  of  activ¬ 
ities  of  interest  to  naval  operations.  In  general,  its  aim 
is  to  quantitatively  determine  a  set  of  ocean  fields  in  both 
space  and  time  by  solving  the  governing  equations  of  mo¬ 
tion  or  conservation.  Most  commonly  these  fields  consist 
of  temperature  and  the  horizontal  components  of  velocity, 
but  might  also  include  salinity,  density,  nutrient  concen¬ 
trations,  surface  height,  sound  speed,  or  any  other  ocean 
properties. 

Analyzing  and  forecasting  the  upper  ocean  temperature 
field  is  of  particular  interest  because  of  its  significance  for 
climate,  biological  resources,  and  acoustic  propagation.  The 
“upper  ocean”  refers  to  that  part  of  the  ocean  from  the 
free  surface  to  the  depth  where  atmospheric  effects  are 
negligible  over  the  course  of  a  year.  Typically  this  region 
generally  extends  from  the  ocean/atmosphere  interface  to 
a  depth  of  about  500  m.  Research  into  atmosphere-ocean 
interactions  has  shown  that  the  heat  stored  and  transported 
in  the  surface  layers  of  the  ocean  is  a  significant  factor 
in  determining  gross  climate  and  seasonal  fluctuations  over 
the  continents.  Commercially  important  marine  organisms 
generally  found  in  the  upper  few  hundred  meters  of  the 
ocean  are  also  affected. 

Thermal  effects  on  acoustic  propagation  interest  the 
Navy,  since  antisubmarine  warfare  (ASW)  depends  on 


sound  waves  to  “see”  into  the  ocean  depths.  By  listening 
for  acoustic  energy  radiated  (passive  mode  sonar)  or 
reflected  (active  mode  sonar)  by  a  target.  Navy  ASW 
operators  can  perform  their  assigned  surveillance,  detec¬ 
tion,  and  localization  functions.  The  operational  measure 
of  successfully  detecting  underwater  objeas  is  the  so-called 
sonar  equation  (Urick,  1983),  within  which  dispersion  and 
absorption  of  acoustic  energy  are  parameterized  by  the 
transmission  loss  term.  Through  this  term  the  thermal 
structure  of  the  upper  ocean  directly  impacts  naval  ASW 
operations.  Because  sound  speed  is  primarily  a  function 
of  temperature  and  depth,  the  upper  layer  temperature 
changes  are  the  chief  cause  of  refraction  (and,  hence,  energy 
dispersion)  of  sound  waves  generated  at  or  near  the  surface. 
By  knowing  the  upper  ocean  temperature  structure.  Navy 
ASW  operators  gain  an  advantage  in  acoustic  prediction 
modeling. 

Forecasting  conditions  in  the  upper  ocean  is  not  a  sim¬ 
ple  task  because  of  the  direct  forcing  by  a  highly  variable 
atmosphere.  The  ocean  temperature  field  is  also  dynamical¬ 
ly  connected  to  other  oceanic  fields,  such  as  velocity.  This 
variability  is  customarily  described  in  terms  of  the  length 
and  time  intervals  over  which  significant  changes  occur, 
that  is.  in  frequency-wavenumber  space.  In  such  a  descrip¬ 
tion  the  thermal  variability  covers  broad  ranges  in  both 
space  and  time.  While  it  is  generally  true  that  long  time 
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and  length  scales  contain  the  most  energetic  motions,  it 
is  also  true  that  shorter  scales  of  motion  are  energetic 
enough  to  significantly  affect  tactical  operations.  Thus, 
the  prediction  problem  is  not  confined  to  a  certain  nar¬ 
row  set  of  phenomena  but  encompasses  a  wide  range  of 
physical  effects. 

Navy  scientists  have  seriously  considered  upper  ocean 
analyses  and  forecasts  over  the  past  two  decades  (James, 
1966,  and  Mooers  et  al.,  1982).  While  ASW  became  an 
important  concern  as  long  ago  as  World  War  I,  only  recent¬ 
ly  has  knowledge  of  the  ocean  environment  advanced 
enough  to  make  a  real-time  analysis  and  forecast  possible 
(see  Krauss,  1977,  for  a  good  overview  of  this  subject). 
This  capability  stems  from  both  an  increased  understand¬ 
ing  of  ocean  physics  and  a  substantial  observational  effort. 
With  the  advent  of  large-scale  computers  and  satellite  obser¬ 
vation  p'.,  tforms,  the  moment  seems  propitious  for  great 
advances  in  this  area. 

NORDA  scientists  have  approached  the  upper  ocean 
analysis/forecast  problem  by  attacking  three  different  areas: 
thermal  analysis,  dynamic  forecasting,  and  statistical 
forecasting.  This  effort  roughly  parallels  comparable 
research  into  atmospheric  predictability,  in  the  following 
discussion,  which  reviews  NORDA 's  progre.s,s  in  the  first 
two  areas,  “analysis”  refers  to  an  inferred  spatial  “snap¬ 
shot”  V.  n  ocean  field  as  it  is  at  a  particular  moment, 
based  on  a  limited  amount  of  present  and  past  observa¬ 
tions.  “Dynamic  forecast”  refers  to  the  prediaion  of  what 
an  ocean  field  will  look  like  at  some  time  in  the  future 
based  on  its  present  state  and  on  some  knowledge  of  the 
operative  physical  laws.  Some  combination  of  these  ideas 
will  likely  result  in  a  truly  “optimum”  forecast. 

Discussion 

Thermal  analysis 

The  primary  function  of  an  automated  thermal  analysis 
scheme  is  to  supply  estimates  of  the  temperature  field  in 
regions  where  the  data  are  either  sparse  or  nonexistent. 
Analyses  commonly  convert  randomly  spaced  ob.servations 
into  estimates  on  some  well-defined,  uniform  grid.  The 
gridded  estimates  of  the  fields  arc  typically  contoured  tor 
visual  examination,  incorporated  as  initial  conditions  or 
updates  into  numerical  forecast  models,  or  both. 

In  the  past,  the  primary  sources  of  data  for  such  analyses 
were  expendable  bathythermographs  (XBTs).  for  subsur¬ 
face  temperature  profiles,  and  surface  ship  observations 
for  the  sea  surface  temperature  field.  Presently  about  2(K) 
XBT  reports  and  about  3000  ship  reports,  mostly  from 
the  northern  hemisphere,  are  received  at  the  Heel 


Numerical  Oceanography  Center  (FNOC)  every  day.  By 
contrast,  almost  3000  surface  land  ob.servations  are 
available  every  3  hours  for  surface  meteorological  analyses. 
Planned  and  operational  satellite  observational  platforms 
promise  to  deliver  many  orders  of  magnitude  more  data 
with  visual,  infrared,  and  microwave  sensors;  unfortunately, 
this  data  is  mainly  surface  information,  which  leaves  the 
bulk  of  the  upper  ocean  inaccessible  to  daily  or  even  weekly- 
analysis. 

In  addition  to  interpolating  data  to  a  uniform  grid,  a 
useful  analysis  scheme  should  have  certain  other  features. 
It  should  supply  some  estimate  of  the  error  in  the  fields 
that  it  produces.  By  doing  so  the  operator  has  a  measure 
of  how  much  he  can  trust  a  particular  analysis  and  an 
indication  of  where  additional  data  should  be  gathered. 
A  useful  analysis  should  be  capable  of  detecting  erroneous 
data  and  eliminating  it  from  further  consideration.  Fur¬ 
thermore.  the  analysis  should  be  ba.sed  on  some  sound 
physical  principles.  By  insisting  that  this  condition  is  met. 
the  analysis  is  con.strained  to  be  truly  objective  and  free 
from  arbitrary  assumptions.  Finally,  it  should  be  capable 
of  using  observations  of  different  ocean  fields  from  diverse 
instruments  to  produce  the  best  possible  analysis  of  the 
specified  field. 

Several  options  for  automated  analysis  techniques  have 
been  investigated  at  NORDA  for  application  to  the  upper 
ocean  thermal  field  (May.  1983):  polynomial  interpolation, 
successive  approximation,  variational  analy.sis.  .sptx.'tral  in¬ 
terpolation,  and  optimal  interpolation.  Most  of  these  tech¬ 
niques  have  been  te.sted  and  u.sed  for  meteorological  pur¬ 
poses.  The  shortcomings  of  these  schemes  vary  but  can 
be  .separated  into  a  few  categories.  The  primary  criticism 
of  most  of  the  techniques  is  the  arbitrary  nature  of  the 
interpolation  criterion.  This  complaint  results  in  large 
numbers  of  changeable  constants  or  unrealistic  interpolated 
fields,  which  tend  to  belie  the  “objective”  nature  of  a 
good  analysis.  In  addition,  error  fields  are  often  difficult 
to  define,  leaving  one  uncertain  of  the  validity  of  a  par¬ 
ticular  analysis.  Finally,  some  schemes  show  poor 
characteristics  when  extrapolation  (estimation  outside  of 
.some  data  “cloud")  is  being  performed.  Since  an 
oceanographic  analy.sis  scheme  must  often  operate  with 
sparse  quantities  of  data,  this  consideration  is  quite 
important. 

The  analy.sis  technique  most  suitable  for  the  ocean  ther¬ 
mal  field  is  ba.sed  on  optimal  estimation  theory.  This 
analysis  method,  pioneered  by  Russian  meteorologist  1.. 
S.  Gandin,  has  its  mathematical  foundation  in  statistical 
work  by  Gauss  and  Markov.  It  has  been  successfully 
adapted  and  used  l\v  oceanographers  for  mapping  synoptic 
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eddy  fields  as  well  as  entire  ocean  basins  (Bretherton  et 
al.,  1976). 

Instead  of  basing  an  estimate  on  physical  laws,  the  op¬ 
timal  interpolation  technique  produces  a  statistically 
optimal  estimate  based  on  known  or  inferred  statistical 
characteristics  of  the  field.  Optimal  estimation  theory 
assumes  that  an  estimate  of  some  scalar  quantity  can  be 
expressed  as  the  weighted  sum  of  any  number  of  observed 
values  of  that  quantity  or  of  some  related  quantity.  The 
best  linear  estimate  of  TCxJ)  at  the  point  Cx^pt^j  using 
N  data  values  at  points  Cxpli)  is 

T(lcQ,tQ}  =  ^  a,  D(Tpt^J  i  =  l.N  , 
i 

where  the  parameter  of  interest  is  T(~x,t).  the  estimate 
of  the  parameter  is  T(lc,t),  and  the  datum  at  point  i  is 
D(lCptJ.  The  unknown  weighting  coefficients,  <?,,  are 
chosen  to  minimize  the  squared  error,  defined  by 

E( ~  <fT( Xfptfj)  -  T(x^ptQ)]^> 

=  <T,^>  -  2  D  a,  <T^P,> 
i 

+  L  L  <DPj>  , 

'  i 

where  <  >  represents  an  ensemble  average.  Minimiz¬ 
ing  the  error  in  the  usual  way  gives  a  set  of  linear  equa¬ 
tions  which  can  be  solved  for  the  unknown  weighting  coef¬ 
ficients.  That  is, 


da, 

gives  the  linear  set  of  equations 

X;  a,  <D,D->  =  >D,r„>  . 
i 

Solving  for  the  unknown  coefficients  gives 
a,  =  i;  <D,D^>-’  <D,P,>  . 

j 

Noise  or  errors  in  the  measurements  can  be  explicitly 
accounted  for  by  including  them  in  the  expression  for 
observed  quantities: 

D,  =  D(T,j,j  =  T(T,j,)  +  efx",./,). 

which,  when  substituted  in  the  bracketed  terms  above, 
gives 


<DPj>  =  <TjTj>  +  <e,e,>  . 

Other  than  data,  the  most  essential  information  need¬ 
ed  in  the  optimal  interpolation  .scheme  is  knowledge  of 
the  spatial  and  temporal  covariance  functions, 

R(TpTpt,jf)  =  <T(7ptj)  T(Tjj^)>  =  R,y  . 

Simply  stated,  the  covariance  function  is  related  to  the 
statistical  correlation  of  the  field  at  point  i  to  the  field 
at  point  j:  i.e.,  it  is  a  measure  of  how  relevant  observa¬ 
tions  of  a  field  at  one  point  are  to  making  an  estimate 
of  the  field  at  another  point.  Observations  that  are  highly 
correlated  with  the  field  at  the  point  where  the  estimate 
is  to  be  made  will  produce  a  good  estimate.  On  the  other 
hand,  observations  that  are  highly  correlated  with  each 
other  are  not  independent  and  are  considered  redundant 
when  forming  the  estimate.  Calculating  these  functions 
require  large  numbers  of  observations  or  a  good  physical 
model  and  is  a  significant  step  in  creating  an  optimal  in¬ 
terpolation  analysis  system. 

NORDA  has  developed  an  optimal  interpolation  ther¬ 
mal  analysis  system  for  the  Navy's  operational  upper  ocean 
analysis  needs  (Innis,  1985).  This  system,  the  Optimum 
Thermal  Interpolation  System  (OTIS),  has  been  delivered 
to  FNOC  and  will  soon  replace  the  existing  operational 
thermal  analysis  software,  the  Expanded  Ocean  Thermal 
Structure  (EOTS).  OTIS  will  produce  upper  ocean  ther¬ 
mal  analyses  for  the  northern  hemisphere  (with  approx¬ 
imately  .52()-km  resolution),  as  well  as  high-resolution 
(20-40  km)  regional  analyses  for  such  important  areas  as 
the  Gulf  Stream,  the  Kuroshio  region,  the  Mediterranean 
Sea,  etc.  By  putting  the  analysis  procedure  on  a  firm  ra¬ 
tional  base,  dramatic  improvements  in  the  Navy's  ocean 
thermal  analysis  capabilities  are  anticipated.  Preliminary 
examples  of  open  ocean  vertical  temperature  profiles  and 
a  contoured  northern  hemisphere  3(X)-m  temperature  field 
obtained  from  an  OTIS  analysis  can  be  seen  in  Figures 
1  and  2, 

For  tactical  applications,  where  resolution,  timeliness, 
and  data  communication  constraints  are  more  stringent. 
NORDA  is  also  developing  optimal  analysis  software  for 
carrier  battle  groups.  Recent  advances  in  microcomputer 
technology  have  made  such  ship-board  systems  feasible. 

Dynamic  forecasting 

Dynamic  forecast  models  seek  to  predict  the  state  of 
the  ocean  thermal  structure  in  the  future  or  to  modify 
observed  fields  to  a  dyniimically  consistent  state  by  applying 
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Figure  1.  Vertical  profiles  of  temperature  at  6.5°S  and  U0.9°E 
obtained  from  XBTs,  satellite  sea  surface  temperature  (SST), 
climatology,  TOPS,  and  OTIS. 

the  laws  of  physics  to  the  ocean.  These  laws  are  the  well- 
known  conservation  principles  that  govern  momentum, 
internal  energy,  and  chemical  constituents  of  sea  water. 

Because  the  physical  processes  of  the  ocean  cover  such 
a  broad  range  of  space  and  time  scales,  it  is  impossible  to 
solve  the  complete  set  of  equations  (the  Navier -Stokes  equa¬ 
tions)  for  the  upper  ocean  thermal  struaure.  The  equations 
must  be  simplified  before  any  progress  can  be  made.  This 
simplification  is  achieved  in  two  different  ways;  first,  by 
ignoring  terms  in  the  equations  that  are  small  compared  to 
the  terms  whose  magnitudes  are  first  order,  and  .second,  by 
rewriting  large,  unmanageable  terms  in  simpler  form.  With 
these  simplifications  one  hopes  to  eliminate  the  terms  that 
make  the  problem  hopelessly  complex  and  yet  retain  the 
physics  that  produce  a  particular  phenomenon.  Even  so. 
the  equations  must  usually  be  solved  numerically. 

The  most  fundamental  simplification  is  to  decouple  the 
shallow  surface  layer  of  the  ocean  from  the  deep  interior. 
This  involves  treating  the  processes  of  the  deep  ocean  as 


a  boundary  condition  on  the  domain  of  interest— the  upper 
ocean.  Because  the  upper  ocean  is  forced  by  the  atmos¬ 
phere,  which  exhibits  significant  changes  over  one-  or  two- 
day  time  scales,  it  is  reasonable  to  expect  that  the  slower 
motions  of  the  deep  ocean  can  be  approximated  by  a  steady- 
state  background  to  the  vigorously  forced  upper  ocean 
circulation. 

An  additional,  related  simplification  is  to  ignore  horizon¬ 
tal  pressure  gradients  in  the  momentum  balance.  This  ap¬ 
proximation  is  valid  where  large  spatial  scales  prevail  (in  the 
interior  of  the  ocean,  far  from  lateral  boundaries).  A  special 
advantage  is  that  ignoring  pressure  gradients  eliminates  the 
problems  associated  with  “initialization  shock,”  a  phenom¬ 
enon  that  occurs  when  a  numerical  model  is  initialized  with 
data  that  are  not  balanced  with  pressure  gradient  terms. 
Geostrophic  currents,  which  are  lost  in  this  approximadon. 
are  generally  unimportant  in  the  mixed  layer  (except  in 
western  boundary  currents  such  as  the  Gulf  Stream  or 
Kuroshio)  but  can  be  reinstated  as  advective  forcing  if 
desired. 

Perhaps  the  most  difficult  simplification  concerns  the 
way  the  model  handles  the  turbulence  effects.  The  turbu¬ 
lent  Reynold's  stresses,  which  are  expressions  for  important 
transfers  of  momentum  on  length  and  time  scales  that  are 
too  small  for  the  model  to  resolve,  must  be  accounted  for  in 
such  a  way  that  the  relevant  physics  are  preserved  without 
rendering  the  equations  unsolvable.  Mixed-layer  models 
generally  fall  into  one  of  two  categories  with  regard  to  how 
the  turbulent  energy  affects  the  model.  The  first  type  of 
model,  the  turbulent  closure  model,  seeks  to  parameterize 
the  Reynold's  stress  terms  as  funrtions  of  known  quantities, 
such  as  the  shear  or  buoyancy.  The  second  type  of  model, 
the  bulk  model,  assumes  that  the  mixed  layer  is  homogene¬ 
ous  and  introduces  expressions  that  describe  the  vertically 
integrated  properties  (often  the  turbulent  kinetic  energy)  of 
the  mixed  layer. 

Since  mixing  in  the  upper  ocean  is  not  well  understood, 
parameterizations  proposed  by  different  modelers  vary  con¬ 
siderably.  Several  mixed -layer-model  studies  have  been  car¬ 
ried  out  at  NORDA  to  understand  the  important  physical 
processes  governing  mixing  in  the  upper  ocean,  to  deter¬ 
mine  which  of  the  alternate  ways  of  handling  the  turbulence 
is  most  suitable  for  operational  modeling,  and  to  develop 
mixed-layer  models  that  give  consistently  good  predictions 
in  different  regions  and  conditions.  Data  used  for  model  test¬ 
ing  and  evaluation  includes  specific  mixed-layer  experiments, 
such  as  MILE  (Wam-Varnas  et  al.,  1981),  ocean  buoys  (Mar¬ 
tin.  1982),  and  ocean  weathership  stations  (Martin.  1985). 

Figure  3  shows  a  comparison  of  several  mixed-layer 
models  at  Weathership  Station  PAPA  in  the  northeastern 
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Figure  J  Year  long  simulations  of  sea  surface  temperature  (SS'I'i  an, I  mtxe,l  layer  ,leptli  iMl.Di  at  ocean  station  PAPA  lot 
the  year  /%/  Comparisons  show  the  Mellor  YamaJa  Level  J  turhulenee  scheme  (MYl.2'.  the  \'iilcr  hulk  model,  and  the 
Garwood  hulk  model 
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Pacific.  Because  changes  in  the  upper  ocean  are  usually 
caused  by  the  surface  momentum,  heat,  and  moisture 
fluxes,  all  the  models  show  a  strong  correlation  with  the 
observations  on  diurnal,  synoptic,  and  seasonal  timescales — 
the  major  timescales  of  weather  variability.  Discrepancies 
are  mainly  due  to  biases  in  determining  the  model  mixed- 
layer  depth,  errors  in  calculating  the  surface  forcing  (from 
the  meteorological  observations),  and  advection.  Advec- 
tive  effects  are  usually  less  significant  in  more  quiescent 
regions  (such  as  the  central  ocean  gyres)  but  can  be  im¬ 
portant  in  areas  with  strong  gradients  and  currents.  The 
neglect  of  advection  in  the  PAPA  simulations  of  Figure 
3  does  not  noticeably  bias  the  results  until  the  fall,  when 
all  the  models  slightly  underpredict  the  sea  surface 
temperature. 

The  Thermal  Ocean  Prediction  System  (TOPS)  is  the 
current  operational  implementation  of  an  upper  ocean 
mixed  layer  model  at  FNOC.  This  model,  developed  at 
NORDA  in  the  early  1980s,  provides  from  one-  to  five- 
day  forecasts  (based  on  available  forcing  fields  from 
atmospheric  models)  of  the  upper  ocean  temperature  struc 
ture  for  the  northern  hemisphere  and  for  various  other 
regional  areas. 

Complete  details  of  the  model  can  be  found  in  Clancy 
and  Pollack  (1983)  or  in  Clancy  and  Martin  (1979).  An 
example  of  a  prediction  from  the  TOPS  model  is  shown 
in  Figure  4.  The  equations  governing  the  TOPS  model 
expre.ss  conservation  of  temperature,  salinity,  and  momen¬ 
tum  in  the  upper  ocean  in  the  form 

^  < -w  T  >  -  S7'(V  T) 

dl  dz 

A'n  2^  ^  i  df 

+  AS7,:T  +  —  — 

QC  OZ 

^  =  A  <-wS  >  -  V»(VSj  +  A\/,;S 

dt  dz 

—  =  /t  +  —  <  -  M'  tt  >  -  Du 

dt  dz 

dv  ,  d  .  P, 

—  =  -/«  +  —  <  -w  V  >  -  Dt'  . 

dt  dz 

where  T is  the  temperature.  5  is  the  .salinity.  7  =  (u.v.w) 
is  the  (jc,}’. z)-components  of  current  velocity,  c  is  the 
specific  heat  of  seawater,  g  is  the  density  of  seawater.  F 
is  the  solar  radiation  flux.  D  is  a  damping  coefficient./ 
is  the  Coriolis  parameter.  A  is  the  horizontal  eddy  diffu.sion. 
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Figure  4-  Temperature  profiles  from  climatology  (solid  line) 
and  TOPS  24  hour  prediction  (dashed  line)  from  ocean  weather 
station  LIMA  for  OOZ  25  July  1984  (a).  Verifying  XBT, 
taken  at  09Z  is  shown  in  (b). 


and  V  =  (V.V.W)  is  the  advective  velocity.  The  horizon¬ 
tal  components  of  the  gradient  operator  terms,  defined  by 


and 


T-7  .  d  .  d  .  d  , 

V  =  /  —  +  j  —  +  k  —  ’ 

dx  dy  dz 


are  retained  to  properly  account  for  advective  tendencies 
due  to  Ekman  drift  and  geostrophic  currents. 

The  turbulence  is  parameterized  in  the  TOPS  model 
using  the  Mellor  Yamada  Level  2  (MYL2)  turbulent 
ckKure  schi-me.  which  expres.ses  the  Reynolds  flux  terms  as 

<uw>  =  -(/(iQ„  + 

dz 

<»'«■>  =  -  (/^Q„  + 

OZ 

<u  T  >  =  - (li/Q^  +  UJ  — 

dz 


=  -  (lcfQ„  +  V)  ^ 
OZ 


<uS  > 
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where  q  is  twice  the  square  root  of  the  turbulent  kinetic 
energy,  /  is  the  turbulent  length  scale,  v  is  a  background 
diffusion,  and  and  are  functions  that  depend  on 
the  local  current  shear  and  gravitational  stability  (i.e.,  the 
gradient  Richardson  number).  This  treatment  of  the  tur¬ 
bulent  Reynolds  stresses  was  chosen  for  its  physical  foun¬ 
dations  and  because  it  accurately  models  the  continuous 
stratification  at  the  base  of  the  mixed  layer,  which  bulk 
models  show  as  a  discontinuous  jump. 

Operational  numerical  integration  of  these  equations  is 
carried  out  for  the  63  x  63  northern  hemisphere  grid  on 
the  FNOC  Cyber-205  computer  using  forcing  fields  from 
the  Navy  Operational  Global  Prediction  System 
(NOGAPS)  and  the  Global  Surface  Contact  Layer  Inter¬ 
face  (GSCLI)  models.  In  addition,  temperature  fields  over 
two  high-resolution  (40  km)  regional  grids,  the  eastern 
and  western  Mediterranean,  are  forecast  on  an  operational 
basis,  although  in  nonadvective  mode.  In  its  present  con¬ 
figuration  the  TOPS  forecast  is  cycled  with  the  FNOC 
operational  upper  ocean  analysis  (EOTS)  using  the  TOPS 
forecast  fields  as  a  "first  guess”  for  the  analysis  and  the 
analyzed  fields  as  initial  conditions  for  the  forecast  model. 


development  and  improvement  of  such  operational  prod¬ 
ucts  as  OTIS  and  TOPS. 
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Abstract 


The  dynamics  of  portions  of  the  Gulf  Stream  System  have  been  studied  by 
using  numerical  simulations,  comparisons  with  in  situ  and  remotely  sensed  data, 
and  simplified  dynamical  models.  We  have  developed  a  simple  potential  vorticity 
conserving  model  that  can  account  for  the  size  of  shed  eddies,  the  eddy-shedding 
period,  and  the  westward  eddy  drift. 

Recent  work  concentrated  on  the  Gulf  Stream  dynamics  downstream  from 
Cape  Hatteras.  We  found  that  the  generation  of  deep  flow  by  Gulf  Stream  instabili¬ 
ties  can  provide  a  mechanism  that  causes  the  New  England  Seamount  Chain 
to  influence  the  mean  path  of  the  stream,  the  amplitude  of  its  meanders,  and 
the  eddy  distribution  in  the  seamount  vicinity.  We  have  also  found  that  a  single 
vertical-mode,  reduce  gravity  model  and  a  two-layer  model  with  small-amplitude 


topography  consistent  with  the  quasi-geostrophic  assumption  gives  results  quite 
different  from  those  given  by  the  two-layer  primitive  equation  model  with  full 
topography. 

We  believe  results  from  these  studies  can  be  applied  to  the  assimilation  of 
GEOSAT  data  in  the  upcoming  NORDA  Regional  Energetics  Experiment  in  the 
northwest  Atlantic. 


Introduction 

In  the  next  decade,  oceanographers  will  organize  and  par¬ 
ticipate  in  several  exciting  and  ambitious  programs,  inspired 
in  part  by  the  rapidly  emerging  technologies  of  satellite 
remote  sensing,  new  in  situ  instrumentation,  a  new  genera¬ 
tion  of  numerical  ocean  models,  and  a  new  class  of  super¬ 
computers.  These  programs  will  be  part  of  a  larger  effort 
to  monitor,  understand,  and  predia  the  ocean  and  atmos¬ 
phere  on  many  time  and  space  scales.  Obvious  practical 
applications  of  this  work  will  encompass  climate  studies, 
naval  operations,  and  commercial  activities.  At  least  one 
of  these  programs  will  include  a  concerted  attempt  to 
predict  the  evolution  of  some  part  of  the  Gulf  Stream 
System  (GSS).  Before  addressing  that  task,  we  examine 
the  prediction  problem  in  light  of  our  basic  understand¬ 
ing  of  Gulf  Stream  dynamics  and  the  potential  of  present 
and  future  observing  systems.  We  can  now  make  very 
accurate  predictions  of  some  ocean  parameters  (tides,  for 
example)  with  little  or  no  basic  understanding  of  ocean 


dynamics  or  physics,  but  for  most  elements  of  ocean  predic¬ 
tion,  where  we  lack  adequate  observing  systems  and 
historical  data,  our  knowledge  of  ocean  dynamics  is  critical 
for  efficient  use  of  very  limited  resources. 

Predictions  are  desirable  for  several  classes  of  ocean 
phenomena.  As  noted  by  Hurlburt  (198-'!)  and  shown  in 
Table  1 .  one  means  of  distinguishing  these  classes  of  ocean 
processes  is  by  their  response  to  atmospheric  forcing.  Each 
class  has  its  own  particular  requirements  for  accuracy  of 
the  initial  state,  time  scales  for  skillful  forecasts,  model 
ing  strategy,  data  types,  and  data  acquisition  and  sampling 
strategies.  For  the  most  part,  predictions  related  to  the 
GSS.  at  least  those  related  to  Gulf  Stream  meandering  and 
eddy  shedding,  are  identified  with  Class  2.  This  class  is 
most  sensitive  to  initial  conditions  not  directly  related  to 
atmospheric  forcing  and  is  subject  to  contamination  by 
errors  in  boundary  conditions  over  time  scales  comparable 
to  that  needed  to  propagate  information  across  the  forecast 
domain. 
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Table  1.  Classes  of  oceanic  response  to  atmospheric  forcing  where  predictive  skill  is  feasible. 


Implications 


Examples 


1 .  Strong,  rapid  ( <  1  wk) 
and  direct 


A.  short-range  forecasts  limited  by  the  time  scale 
for  atmospheric  predictive  skill 

B.  less  sensitive  to  errors  in  the  initial  state:  more 
sensitive  to  errors  in  the  forcing  functions 


2.  Slow  (weeks  to  months)  A.  long-range  forecasts  (potentially  a  month  or  more) 


and  direct 


Slow  (weeks  to  years) 
but  direct  (i.e.,  inte¬ 
grated  response) 


B.  more  sensitive  to  errors  in  the  initial  state,  less 
sensitive  to  errors  in  the  forcing  functions 

C.  statistical  properties  of  features  and  ensembles 
may  be  predicted  by  skillful  simulation 

D.  prediction  of  individual  features  requires 
oceanographic  data.  Altimeter  data  are  the  most 
promising  operational  source  now  on  the  horizon 

A.  long-range  forecasts 

8.  sensitive  to  errors  in  atmospheric  forcing  func¬ 
tions  on  long  time  scales  (e.g.,  monthly  means); 
but  less  sensitive  to  errors  on  short  time  scales 
(eg.,  daily  fluctuations) 

C.  nowcasting  and  forecasting  are  potentially  feasible 
without  good  oceanic  data  by  means  of  simula¬ 
tions  that  use  appropriate  ocean  circulation  models 


surface  mixed  layers,  surface  and  some  internal 
waves,  Ekman  drift  currents,  some  coastal  and 
equatorial  processes  such  as  upwelling  (in  some 
cases),  coastal  storm  surges,  and  the  onset  of 
some  equatorial  and  coastal  waves 

mesoscale  eddies,  meandering  currents,  some 
frontal  positions,  features  caused  by  mesoscale 
flow  instabilities 


El  Nino,  much  of  the  tropical  ocean  circulation 
(in  the  Atlantic  Pacific  and  Indian  Oceans), 
equatorial  waves,  part  of  the  large-scale  ocean 
circulation,  leatures  such  as  gyres  directly  driven 
by  persistent  or  repeated  patterns  in  the  wind, 
often  in  conjunction  with  geometric  constraints, 
eg .  most  of  the  circulation  features  in  the 
Mediterranean  Sea  with  scales  >100  km 


We  have  been  involved  in  the  Class  2  problem  for  the 
GSS  through  work  on  the  Gulf  of  Mexico  and.  more 
recently,  on  the  Gulf  Stream  downstream  from  Cape  Hat- 
teras.  The  strategy  for  both  regions  has  consisted  of  the 
following  basic  steps: 

•  Develop  the  simplest  model  of  the  system  that  has 
some  hope  of  simulating  the  consistently  observed  features. 

•  Using  the  best  forcing  functions  and  boundary  con¬ 
ditions  available,  drive  the  model  to  statistical  equilibrium; 
perturb  the  forcing  functions  and  boundary  conditions  to 
explore  the  full  range  of  possible  model  response. 

•  Compare  model  results  with  observations,  noting  what 
processes  exhibit  close  agreement  and  substantial 
disagreement. 

•  Explain  the  model  results  in  terms  of  basic  dynamics. 
Can  a  simple  analytical  model  account  for  the  observations.^ 

•  Once  the  numerical  model  has  been  validated,  use 
it  to  make  predictions  of  features  yet  to  be  observed  and 
for  developing  techniques  to  improve  the  utilization  and 
collection  of  observational  data. 

This  article  briefly  describes  how  we  have  u.sed  this 
strategy  in  studying  the  dynamics  and  predictability  of 
the  GSS. 

Discussion 

GSS  modeling — south 

In  the  southern  portion  of  the  GSS  the  Loop  Current 
enters  through  the  Yucatan  Strait  and  traces  an  anti 


cyclonic  path  that  may  extend  almost  to  the  Mississippi 
Delta  before  turning  southward  and  exiting  through  the 
Florida  Straits.  The  Loop  Current  volume  transport  is 
approximately  .M)  x  10''  mVsec  and  eventually  becomes 
a  principal  component  of  the  Gulf  Stream.  Maximum 
geostrophic  surface  currents  in  the  Loop  can  exceed  1 50 
cm/scc  and  the  dynamic  height  change  acro.ss  the  stream 
can  be  greater  than  75  cm.  easily  detectable  by  a  satellite 
altimeter.  Large  anticyclones  (also  termed  rings)  which 
have  diameters  larger  than  ,^(K)  km.  have  been  observed 
to  break  off  from  the  LiKip  Current  and  are  believed  to 
move  into  the  western  Gulf.  Elliott  (1979)  has  estimated 
the  mean  westward  drift  speed  after  break -off  to  be  about 
2.1  cm/sec.  although  rtvent  observations  suggest  the  speed 
of  eddy  drift  can  be  quite  variable.  Figure  lb.  from  near 
synoptic  hydrographic  data  by  Leipper  (1970).  shows  the 
Liwp  Current  and  a  large  anticyclonic  ring  about  to  be 
shed  from  it.  Much  earlier.  Ichiye  (1%2)  suggested  that 
detached  Lixip  Current  eddies  could  drift  across  the  Gulf 
and  maintain  an  anticyclonic  circulation  in  the  western 
basin.  Sturges  and  Blaha  ( 1976)  proposed  that  wind  stress 
curl  might  drive  a  mean  anticyclonic  gyre  in  the  western 
Gulf. 

The  Lixip  Current  was  once  thought  to  penetrate  into 
the  Gulf  during  the  spring  and  summer,  shed  an  anti¬ 
cyclone  during  late  summer  and  tall,  and  exhibit  minimum 
penetration  in  the  winter.  This  cycle  was  believed  to  be 
due  t<,>  seasimal  variations  in  the  flow  through  the  Yucatan 
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Strait  (Cochrane,  1%5).  New  oceanographic  and  satellite 
data  have  shown  that  the  eddy  shedding  period  ranges 
from  eight  to  15  months  (Molinari,  1980)  and  that  the 
earlier  interpretation  of  a  dominant  seasonal  cycle  was  due 
to  a  bias  in  the  data  set  (Molinari  et  al.,  1977).  Results 
from  low-order  vertical  mode  primitive  equation  numerical 
models  of  Hurlburt  and  Thompson  (1980).  henceforth 
referred  to  as  HT,  show  that  approximately  an  annual 
period  of  eddy  shedding  can  occur  with  no  variations  in 
the  inflow  transport  and  that  for  realistic  constant  values 
of  inflow  transport,  the  mean  period  between  major  eddy 
breakoff  is  about  10  months.  The  model  Loop  Current 
spontaneously  and  regularly  sheds  eddies  with  realistic 
diameter,  amplitude,  and  speed  of  propagation.  Agreement 
between  model  and  observations  and  the  theoretical  basis 
for  Loop  Current  penetration,  the  ring  sizes,  the  shedding 
rate,  and  the  westward  translation  speed  are  discussed  in 
terms  of  momentum  and  potential  vorticity  conservation 


Figure  I.  (a)  Mode!  experiment  by  Hurlburt  (19^4)  and  (bi 
near  synoptic  hydrographic  data  by  l.eipper  (I97()i. 


and  Rossby  wave  dynamics  in  HT.  An  energetics  analysis 
of  model  experiments  exhibiting  baroclinic  and/or  baro- 
tropic  instability  is  provided  in  Hurlburt  and  Thompson 
(1982). 

The  first  semi-implicit  eddy-resolving  primitive  equation 
model  retaining  realistic  geometry  and  bottom  topography 
for  any  deep  ocean  basin  was  developed  for  the  Gulf  of 
Mexico  by  Wallcraft  and  Thompson  (1984).  who  extended 
the  rectangular-basin  model  of  HT  to  include  an  irregular 
coastline.  A  two-layer,  hydrodynamic  version  of  the  model 
on  a  beta-plane  was  driven  from  rest  to  statistical 
equilibrium  by  steady  inflow  through  the  Yucatan  Strait 
and  exactly  compensated  by  outflow  through  the  Florida 
Straits.  Figure  la  is  a  snapshot  from  a  model  experiment 
(Hurlburt,  1984)  near  the  same  phase  of  eddy  shedding 
as  found  by  Leipper  (1970).  A  benchmark  experiment  using 
a  similar  model  is  discussed  below.  Model  parameters  for 
the  present  benchmark  experiment  are  given  in  Table  2. 
The  principal  difference  between  this  experiment  and  the 
one  described  by  Hurlburt  (1984)  is  the  vertical  distribu¬ 
tion  of  volume  transport  through  the  Yucatan  Strait.  By 
allowing  a  larger  fraction  of  the  total  transport  to  be  carried 
by  the  deep  flow,  we  have  found  more  consistent  agree¬ 
ment  between  model  and  observations,  both  in  terms  of 
the  size  of  the  anticyclones  and  the  amplitude  of  the  fluc¬ 
tuating  component  of  the  dynamic  sea  surface  height.  Exist¬ 
ing  data  on  the  long-term  vertical  distribution  of  transport 
through  the  Yucatan  Strait  is  inadequate  to  validate  any 
particular  choice  of  transport  forcing  within  a  rather  wide 
range  in  each  layer  although  the  total  transport  value  of 
,50  X  1(F’  cm  V.sec  is  a  well-accepted  mean. 

Figure  2  shows  a  sequence  of  dynamic  sea  surface  height 
anomaly  maps  (height  above  an  initial  uniform  level)  for 
the  benchmark  experiment  following  spin-up  to  statistical 
equilibrium.  The  first  five  panels  are  snapshots  every  .50 
days  from  Day  1 150  to  Day  1570;  the  last  panel  is  Day 
1890,  during  the  subsequent  shedding  cycle.  Once  the  Loop 
penetrated  sufficiently  far  into  the  Gulf,  it  became 
barotropically  unstable  and  rapidly  shed  an  anticyclone 


Table  2  Model  parameters  for  Benchmark  experiment. 
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(Day  14‘)()— Day  1540).  During  thi.s  period  an  anticyclone 
shed  in  the  previous  cycle  impinged  on  the  western  Gulf, 
rapidly  distorted  its  shape  as  it  decayed,  and  evolved  to 
a  small,  residual  anticyclone  in  the  northw'estern  Gulf  by 
Day  1 540.  In  the  eastern  Gulf  the  development  of  a  cold 
intrusion  and  a  closed  cyclonic  circulation  on  the  east  side 
of  the  Loop  is  evident  between  Days  1510  and  1 540.  This 
feature  was  often  seen  in  satellite  imagery  and  has  been 
directly  observed  from  shipboard  hydrographic  data.  The 
shedding  rate  of  large  anticyclones  from  the  Loop  Current 
in  this  experiment  was  316  days.  The  shed  anticyclone 
drifted  toward  the  southwe.st  at  about  4  cm/sec.  As  the 
main  ring  drifted  into  the  central  and  western  Gulf,  a  weak 
cyclonic  circulation  developed  to  its  west  and  northwest. 
This  event  is  a  precursor  of  the  cyclone/anticyclone  pair 
found  in  the  observations  and  in  other  numerical 
experiments. 

The  model,  driven  by  realistic  forcing  to  statistical 
equilibrium,  is  capable  of  producing  dynamic  sea  surfaces 
that  can  be  compared  with  both  altimeter  and  in  situ  data. 
Moreover,  one  can  combine  the  model  results,  in  situ  data, 
and  the  altimeter  data  for  an  optimal  estimation  of  both 
the  dynamic  heights  and  the  geoid  (Wunsch  and 
Gaposchkin.  1980;  Marshall,  1985).  Thompson  (1985)  has 
compared  in  detail  the  mean  dynamic  height  and  variability 
of  the  sea  surface  in  the  Gulf  as  determined  by  Maul  and 
Herman  (1985)  from  hydrographic  data  and  the  correla¬ 
tion  of  temperature  and  salinity  in  the  deep  waters  of  the 
Gulf;  the  mean  sea  surface  and  its  variability  as  determined 
from  GEOS-3  and  SEASAT  altimeter  crossover  data  prc'sent- 
ed  by  Marsh  et  al.  (1984),  henceforth  termed  MC;  and  the 
mean  sea  surface  height  and  variability  as  determined  from 
the  numerical  model  after  reaching  statistical  equilibrium. 

The  variability  of  the  sea  surface  from  altimeter 
cros.sover  differences  as  determined  by  MC  and  from  the 
n'  -.merical  model  are  shown  in  Figures  3a  and  3b  respec¬ 
tively.  In  the  eastern  Gulf  the  sea  surface  height  variability 
amplitude  and  approximate  position  were  very  similar  for 
model,  altimeter,  and  in  situ  data  (not  shown).  However, 
in  the  central  Gulf,  while  the  model  variability  map  and 
the  altimeter  map  agree  very  well  and  indicate  a  ridge 
of  high  variabilty  extending  from  the  Loop  Current  toward 
the  southwestern  Gulf,  they  both  differed  substantially  from 
the  map  that  was  determined  from  the  in  situ  data.  The 
existence  of  the  ridge  of  high  variability  toward  the 
southwest  in  the  model  and  in  the  altimeter  data  supports 
the  hypothesis  that  eddies  shed  from  the  Loop  Current 
do  drift  southwestward.  This  result  has  important  implica 
tions  for  the  fate  of  materials  transported  by  the  Gulf 
circulation  and  the  role  of  anticyclones  in  the  circulation 


of  the  western  Gulf.  However,  the  fact  that  this  ridge  does 
not  appear  in  the  in  situ  data  is  very  di.sconcerting.  This 
is  not  merely  a  minor  discrepancy  in  interpretation  or 
analysis  procedure  and  has  considerable  dynamical 
significance.  The  reasons  for  these  discrepancies  are 
presently  being  investigated. 

Because  of  the  close  agreement  between  model  sea  sur¬ 
face  variability  and  that  observed  from  altimeters,  the 
dynamical  consistency  of  the  results  with  such  auxiliary 
data  as  drifter  trajectories  in  shed  eddies  (Kirwan  et  al.. 
1984,  and  personal  communication),  and  the  evaluation 
of  the  model  through  comparison  with  synoptic  observa¬ 
tions.  we  conclude  that  the  model  is  sufficiently  realistic 
so  that  we  can  begin  to  use  it  as  a  tool  for  studying  how 
to  use  altimeter  data  for  ocean  monitoring  and  prediction 
in  the  GSS. 

Altimeter  data  and  the  GSS 

Once  the  validity  of  the  model  was  established  by  com¬ 
parisons  with  in  situ  and  altimeter  data,  we  were  able  to 
use  it  in  the  study  of  Gulf  circulation  predictability  by  using 
altimetrically  derived  sea  surface  heights.  As  part  of  the 
Office  of  Naval  Research  Accelerated  Research  Initiative 
in  Ocean  Dynamics  from  Altimetry  at  NORDA,  three 
studies  have  been  conducted  using  various  versions  of  the 
Gulf  of  Mexico  model:  geoid  error  and  initialization,  con¬ 
version  of  surface  to  subsurface  information,  and  sampling 
strategies  using  a  single  nadir-beam  altimeter.  The  latter 
two  experiments  used  the  rectangular-domain,  idealized 
Gulf  of  Mexico  geometry. 

In  the  first  study  the  experiment  descril')ed  previously 
was  used  as  a  benchmark  and  was  compared  with  results 
from  four  experiments  in  which  the  model  was  initialized 
with  fields  mexlified  from  archived  benchmark  data.  The 
experiments  differed  only  in  the  initialization  fields.  Each 
experiment  was  integrated  for  1(K)  days  and  inflow 
transport  remained  constant  throughout  the  integration. 
The  experiments  were  initialized  geostrophically  ( 1 )  with 
the  exact  sea  surface  and  pycniKline  height  fields.  (2)  with 
only  the  exact  sea  surface  heights  and  the  pycniK'line 
assumed  to  exactly  compensate  su^h  that  the  deep  flow 
vanished.  ( just  as  in  (Ji  but  with  a  geoid  error  compo 
nent  added,  and  ( T  just  as  in  except  that  the  gis'id 
error  mexJel  iniludexi  an  additional  iuntribution  in  strong 
geoid  gradient  regions  The  exix  riments  are  oiitlini-d  in 
more  detail  and  ri'porteii  in  I'hompson  I'A'S'ii 

’Die  results  ol  the-  I'xix-rimenis  ,ire  summari/exi  in  l  igiiri’ 
1.  where  the  normalized  risn  nie.in  v|uare  '  NRMS  >  i-r  ror 
of  the  treesurfaee  anomaK  itS.\'.  ilu'  psetioelim  height 
anomah  iPH.A',  .mil  the  lower  l.ixer  pressure  is  |i|oned 
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Figure  3  Sea  surface  variability  from  GEOS  3  and  SEASA  T 
(cm)  from  NORDA  model  (b). 
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overs  (cm)  (from  Marsh,  et  ai.  19S4)  and  sea  surface  variability 


The  normalization  factor  is  the  RMS  variability  of  each 
field  from  the  benchmark  case.  The  lower  layer  pressure 
field  is  the  most  difficult  field  to  predict  from  initial 
knowledge  of  the  free  surface  only.  At  the  initial  time 
the  NRMS  error  of  lower  layer  pressure  (P2)  for  Experi¬ 
ment  2  is  10()%  and  increases  to  over  120%  before 
gradually  decreasing  to  less  than  40%  by  the  end  of  the 
period. 

Experiments  1  and  2  dealt  with  perfectly  known  sea 
surface  height  information.  Experiments  3  and  4  focused 
on  errors  likely  to  be  introduced  by  uncertainties  in  the 
geoid  on  .small  spatial  scales,  comparable  to  the  length 
scale  of  .seamounts  or,  more  generally,  the  scale  of  very 
rapid  changes  in  geoid  height  associated  with  .strong  bot¬ 
tom  .slopes.  These  errors  may  prove  difficult  to  remove 
from  the  sea  surface  height  signal,  particularly  because 
they  may  be  correlateu  with  dynamic  ocean  processes  over 
the  same  scales.  In  Experiment  3  the  error  field  is 
represented  as  random  noi.se  with  a  normal  probability 
di.stribution  function,  a  zero  mean,  and  a  standard  devia¬ 
tion  of  -I-  ■)  cm.  The  range  of  variation  over  the  domain 
is  >  .Vi  cm.  The  error  field  is  uncorrelated  over  the  0.2" 
model  grid.  Experiment  4  contains  an  error  field  that 
reflects  the  fact  that  geoid  errors  are  likely  to  be  larger 
on  the  small  scale  in  the  vicinity  of  strong  geoid  gradients 
such  as  the  Campexhe  c.scarpment.  where  the  geoid  gra¬ 
dient  approaches  a  meter  in  10  km.  The  range  of  varia 
tion  in  this  ca.se  is  >47  cm.  and  the  impact  of  the  strong 
gradient  areas  on  the  error  field  is  especially  large  in  the 
southwestern  Gulf. 

From  the  sequence  of  four  numerical  experiments  we 
found  that  even  when  only  the  sea  surface  height  infor¬ 
mation  was  provided  to  the  numerical  mtxlel  at  the  initial 


time,  the  forecasts  of  ESA.  PHA  and  even  deep  pressure 
were  superior  to  persistence  or  climatology  over  the  UX)- 
day  foreca.st  period.  We  also  found  that  noise  in  the  initial 
field,  at  least  on  the  amplitude  and  scales  of  that  used  in  the 
experiments,  did  not  seriously  degrade  the  forecasts.  This 
result  occurred  despite  the  obvious  excitation  of  growing 
waves  on  the  Loop  Current  and  in  the  western  Gulf. 

While  the  preceding  experiments  were  instructive,  they 
did  not  provide  a  comprehen.sive  view  of  how  well  altimeter 
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data  mi^ht  be  utilized  in  different  dynamical  regimes. 
Hiirlburt  (198“))  has  examined  this  problem  in  the  con 
text  of  convertinjj  well-observed  surface  altimeter  data  into 
subsurface  information.  This  conversion  was  done  for  a 
variety  of  dynamical  regimes  with  barotropic,  baroclinic, 
mixed,  and  episodic  instabilities;  flat  bottoms  or  large 
amplitude  topogaphy;  relatively  vigorous  or  gentle  ex¬ 
changes  of  energy  between  the  layers;  major  time  scales 
that  are  short  (  ~(i()  days),  long  (  —  1  year)  or  both;  and 
unstable  currents  and  isolated  eddies.  In  all  cases  the  pat¬ 
tern  of  the  deep  pressure  field  is  much  different  from  that 
of  the  current  related  variations  in  the  sea  surface  eleva¬ 
tions  and  is  sometimes  not  obviously  related  to  it.  Given 
only  the  free  surface  elevation  (simulated  altimeter  data) 
from  the  true  model  solution,  the  model  was  able  to 
reconstruct  the  deep  pressure  field,  even  in  situations  with 
energetic  shallow  and  deep  circulations,  barcK'linic  instabili¬ 
ty.  and  a  vigorous  vertical  exchange  of  energy.  However, 
in  such  experiments  the  frequency  of  updating  for  the  free 
surface  was  critical.  In  this  study  the  maximum  update 
interval  that  allowed  successful  dynamic  surface-to- 
subsurface  transfer  was  about  half  the  shortest  major  time 
sc  ale  (SMTS).  which  is  from  “id  to  60  days  in  the  experi¬ 
ments  with  baroclinic  instability  (Fig.  “)). 

Without  knowledge  of  the  deep  pressure  field,  numerical 
predictions  of  the  surface  pressure  field  and  the  depth  of 
the  pycnocline  were  typically  better  than  climatology  for 
'  4  to  '  2  the  SMTS.  but  with  successful  dynamic  surface 
to  subsurface  transfer,  forecasts  without  updating  were 
better  than  cimatology  for  the  SMTS  or  more.  The  time 
scale  for  predictive  skill  is  substantially  longer  than  the 
maximum  update  interval  permitted  because  the  update 
iiiterval  must  be  short  enough  to  allow  decreasing  error 
in  the  deep  pre.ssure  field  from  one  free  surface  update 
to  the  next  until  the  error  asymptotes  at  some  acceptable 
level,  approximately  M)%  to  ‘)<)%  in  these  results. 
Forecasts  of  isolated  eddies  demonstrated  predictive  skill 
tor  three  months  or  more  even  when  the  subsurface  initial 
state  was  unknown. 

In  the  third  study.  Kindle  (198“))  utilized  the  one-layer, 
reduced  gravity  model  of  the  Gulf  of  Mexico  to  study  the 
spatial  and  temporal  sampling  problem  a.s.sociated  with  a 
single  nadir  beam  altimeter.  The  two  previtnis  studies 
.issumed  data  was  available  over  the  entire  domain  at  a 
given  time  rather  than  along  narrow  swaths  staggered  in 
time.  Fhe  simulated  data  were  obtained  by  flying  an  imagi 
nary  altimeter  over  the  model  ocean  .md  sampling  tlie 
sea  surface  in  a  manner  similar  to  a  real  .iltimeter  (sir 
l  ig.  ()).  The  numerical  miKlel  was  geostrophically  initialized 
using  the  asynoptic  data,  which  ;ire  assumed  to  be  valitl 


at  the  mid-point  of  the  observing  period.  Figure  7a  shows 
the  RMS  errors  of  the  forecasts  generated  using  only  the 
data  from  the  ascending  tracks  for  each  of  the  three  periods 
(72.  M\  and  21  days)  of  the  exactly  repeating  satellite 
tracks.  Figure  7b  demon.strates  that  if  the  descending  track 
data  are  used,  the  RMS  error  can  be  significantly  different. 
Surprisingly,  in  the  descending  track  forecast  the  error 
decays  more  rapidly,  even  though  the  initial  value  of  the 
RMS  error  is  substantially  greater  than  the  representa¬ 
tion  based  on  the  a.scending  track  observations.  Figure  7c 
shows  the  results  of  applying  an  intermittent  updating 
scheme  during  the  nowcast  period  to  reduce  the  effects 
of  asynopiicity.  The  numerical  nowcast  is  initialized  with 
the  asynoptic  data  (Figs.  (la.  b.  c)  at  the  beginning  of  the 
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Figure  (>.  Simulated  data. 


observing  period  and  the  data  are  reinserted  into  the 
numerical  solution  4  tracks  at  a  time  (i.e..  every  12  days) 
until  Day  0  of  the  forecast.  No  data  are  inserted  into  the 
model  during  the  foreca.st.  The  results  demon.strate  that 
the  asynopticity  of  the  72-day  repeat  track  observations 
were  reduced  .so  effectively  that  the  forecast  was  just  as 
accurate  as  the  one  using  the  24-day  repeat  track  data. 
A  similar  experiment  u.sing  the  descending  track  data  (not 
shown)  exhibited  virtually  identical  results. 

The  es.sence  of  Kindle  s  study  is  that  the  sampling  trade¬ 
off  between  track  spacing  and  repeat  period  may  not  be 
as  difficult  as  once  thought.  The  interaction  betwc'en  synop¬ 
tic  altimeter  data  and  a  hydrodynamic  numerical  model 
indicates  that  in  many  regions  both  adequate  spatial  and 


temporal  resolution  may  be  possible  with  a  single  nadir 
beam  altimeter.  The  observations  form  the  basis  of  the 
model  initialization  and.  in  turn,  the  model  “corrects” 
the  asynopticity  of  the  data.  The  result  is  an  accurate 
nowcast  which,  for  highly  asynoptic  data,  would  not  have 
been  po.ssiblc  without  the  model.  A  sampling  .strategy 
should  favor  spatial  resolution  and  resolve  the  important 
dynamic  features;  the  inherent  asynopticity  of  the 
mea.surements  can  be  reduced  by  applying  an  initializa 
tion/updating  scheme  to  the  numerical  nowcast. 

GSS  modeling — north 

We  have  begun  to  employ  the  strategy  used  fcir  model¬ 
ing  the  southern  portion  of  the  GSS  to  the  northern  pi>rtion 
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downstream  of  Cape  Hatteras.  Recently,  Thompson  and 
Hurlburt  {19^2)  and  Hurlburt  and  Thompson  (1984),  both 
henceforth  referred  to  as  HTG,  have  developed  a  primitive 
equation  (PE)  model  of  the  Gulf  Stream,  including  bot¬ 
tom  topography.  In  the  HTG  study,  the  model  domain 
extended  from  Cape  Hatteras  to  the  Grand  Banks.  The 
domain  was  rotated  28“  counterclockwise  from  zonal.  To 
avoid  unknown  specification  of  open-boundary  segments, 
the  model  domain  was  closed  except  for  an  inflow  port 
at  Cape  Hatteras  and  an  outflow  port  roughly  at  the  mean 
position  of  the  Gulf  Stream  as  it  passes  south  of  the  Grand 
Banks.  In  all  the  experiments  reported,  the  flow  of  the 
Gulf  Stream  was  confined  to  the  upper  layer  of  the  model. 
Thus,  this  work  departs  significantly  from  other  studies 
of  flow  over  topography  in  that  the  flow  is  not  directly 
forced  to  impinge  on  the  topography.  Here,  any  flow  in 
the  lower  layer  must  be  driven  from  above  due  to  pressure 
fluctuations  associated  with  the  active  upper  ocean.  Any 
influence  of  the  seamount  chain  on  the  path  of  the  Gulf 
Stream  must  be  a  back  interaction  driven  by  the  upper 
ocean. 

Five  numerical  experiments  were  conducted.  All  but 
one  used  two  active  layers,  the  minimum  allowing 
baroclinic  instability,  and  both  a  thermocline  and  bottom 
topography.  One  experiment  used  a  reduced  gravity  model 
with  an  active  upper  layer  and  a  lower  layer  infinitely  deep 
and  at  rest.  The  other  experiments  were  identical  except 
for  the  bottom  topography  used.  In  experiment  3,  a  Gaus¬ 
sian  ridge  with  a  maximum  height  of  25(X)  m  was  added 
across  the  channel  with  an  e-folding  half-width  of  30  km. 
For  the  seamount  experiments  a  set  of  four  Gaussian  sea¬ 
mounts  with  an  amplitude  of  2300  m  for  Experiment  4 
and  3(X)  m  for  Experiment  3  were  aligned  across  the  chan¬ 
nel  with  the  same  e-folding  halfwidth  as  for  the  ridge.  The 
seamounts  were  spaced  200  km  apart.  The  separation  and 
the  diameter  of  the  seamounts  are  substantially  greater 
than  for  the  real  seamounts,  a  compromise  dictated  by 
the  affordable  grid  resolution  and  the  desired  domain  size. 
The  diameter  (radius)  of  the  real  (model)  seamounts  is  com¬ 
parable  to  the  baroclinic  radius  of  deformation. 

The  five  numerical  experiments  were  integrated  from 
rest  for  seven  years.  Approximately  four  years  were  re¬ 
quired  to  reach  statistical  equilibrium,  and  another  three 
years  were  added  for  a  stable,  long  time  .series.  Results 
of  the  modeling  study  can  be  briefly  summarized, 
i  •  The  model  New  England  Seamount  Chain  (NESC) 

was  found  to  have  a  substantial  influence  on  the  Gulf 
Stream  even  when  the  Stream  did  not  directly  impinge 
[  on  the  topography. 
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Figure  7.  Forecast  errors. 

•  Results  from  the  reduced-gravity  model  were  quite 
unrealistic,  which  suggests  that  addition  of  the  barotropic 
mode,  which  yielded  a  more  realistic  GS.  is  critical  to 
modeling  the  GS  in  this  region. 

•  Warm  core  ring  generation  was  enhanced  by  the 
NESC.  Prolific  generation  of  warm  core  rings  occurs 
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immediately  upstream  of  the  NESC  with  a  frequency  of 
about  two  a  year. 

•  When  compared  to  the  flat  bottom  experiment,  the 
NESC  increased  both  baroclinic  and  barotropic  instabilities 
as  measured  by  the  rate  of  transfer  of  mean  potential  to 
eddy  potential  energy  and  mean  kinetic  to  eddy  kinetic 
energy  (EKE). 

•  Maximum  EKE  in  the  large  seamount  experiment 
exceeds  2(XX)  cm/sec  in  the  upper  layer  and  1 30  cm/sec 
in  the  lower  layer.  These  values  are  comparable  to  obser¬ 
vations,  but  are  located  too  near  Cape  Hatteras  in  the 
model 

•  Maximum  sea  height  variability,  >  33  cm,  was  found 
in  the  large  amplitude  seamount  experiment,  comparable 
to  that  observed  by  Douglas  et  al.  (19S3)  and  MC  from 
altimeter  data  from  GEOS-3  and  SEASAT.  Location  of 
the  maximum  was  upstream  of  the  seamounts,  however, 
unlike  the  observations. 

Thus,  by  using  a  limited-domain  model  with  open 
boundary  conditions  we  have  shown  that  the  NESC  can 
have  a  significant  influence  on  the  GS  mean  path  and  its 
eddy  statistics.  We  clearly  showed  that  baroclinic  instability 
of  the  Gulf  Stream  could  generate  deep  mean  flows,  which 
interacted  with  the  bottom  topography  and,  in  turn,  in¬ 
fluenced  the  upper  ocean  circulation.  However,  to  answer 
a  broader  range  of  questions— for  example,  how  might 
the  large-scale  topography  influence  the  mean  path  and 
the  eddy  statistics— a  much  larger  domain  is  required.  This 
step  is  certainly  required  before  we  can  continue  our 
strategy  of  developing  the  models  to  the  point  where  the 
same  model/data  and  altimeter  studies  we  have  done  for 
the  Gulf  of  Mexico  can  be  done  for  the  REX  and  SYNOP 
region.  At  the  same  time,  the  eddy-resolving  capability 
of  the  model  must  not  be  sacrificed.  Thus,  a  realistic 
numerical  model  of  the  GSS  is  expensive,  both  in  man¬ 
power  for  model  development  and  in  actual  computer  time. 
In  some  respects  this  expense  must  be  considered  in  the 
same  category  as  ship  time  or  mooring  costs.  Great  care 
and  forethought  must  be  taken  to  ensure  that  the  model 
is  as  efficient  as  possible,  while  choosing  research  problems 
that  have  some  chance  of  success  with  limited  computer 
resources.  Therefore,  in  proposing  experiments  in  modeling 
the  GSS,  it  is  important  to  determine  what  problems  are 
“do  able”  on  present  and  near-future  computers. 

The  domains  for  our  proposed  experiments  are  shown 
in  Figure  8.  Domain  A  includes  the  Gulf  Stream  and  its 
principal  recirculation  region,  but  does  not  encompass  the 
Gulf  of  Mexico,  the  Caribbean,  and  part  of  the  North 
Atlantic.  However,  this  domain  closely  parallels  Holland's 
( 1982)  quasi-geostrophic  {QG)  domain,  and  should  provide 


a  good  benchmark  for  assessing  the  differences  between 
the  PE  and  QG  models  and  the  influence  of  large-scale 
topography.  Domain  B.  while  bigger,  will  be  more  costly 
and  is  of  more  limited  use  in  terms  of  possible  experi¬ 
ments.  It  will,  however,  allow  us  to  evaluate  the  limitations 
of  Domain  A  for  studying  the  GSS  and  should  provide 
some  useful  information  on  the  role  of  the  Caribbean  and 
the  Gulf  of  Mexico  in  modulating  the  transport  in  the 
Gulf  Stream  under  time-varying  wind  forcing.  The 
southern  latitude  of  Domain  B  was  chosen,  based  on  some 
numerical  experiments  by  NORDA's  G.  Heburn.  by  us 
ing  a  coarse  grid  {\'/2°  x  l'/^")  one-active-layer,  reduced- 
gravity  world  ocean  model  driven  by  climatological  month¬ 
ly  mean  winds.  In  Figure  9a  the  solution  for  the  interface 
deviation  after  nearly  five  years  of  integration  is  shown, 
while  in  Figure  9b  a  no-slip  barrier  has  been  placed  at 
9®N.  While  the  details  do  have  differences,  the  basic  cir¬ 
culation  of  the  Gulf  Stream  at  mid-latitudes  remains  un¬ 
changed.  We  have  developed  an  eddy-resolving  (0.2") 
spherical  geometry,  arbitrary  n-Iayer  primitive  equation, 
semi-implicit  model  for  the  North  Atlantic.  The  first  ver¬ 
sion  of  the  model  (with  a  flat  bottom  and  two  layers  and 
driven  by  a  simple  zonal  wind)  is  now  being  run  on  the 
newly  iastalled  Cray-XMP  12  at  the  Naval  Research 
Laboratory.  More  realistic  wind  forcing  and  bottom 
topography  arc  now  being  added. 

A  wide  range  of  scientific  issues  form  the  basis  for 
research  on  the  GSS.  Some  of  those  issues  are  directly 
amenable  to  observational  study,  while  others  will  require 
more  theoretical  effort.  It  seems  clear,  however,  that  for 
the  foreseeable  future,  observational  efforts  in  the  GSS 
should  be  coupled  with  a  serious,  stably  funded  modeling 
program.  The  models  will  provide  valuable  guidance  in 
determining  sampling  strategies,  in  interpreting  field  data 
from  sparse  observational  networks,  and  in  generating  new 
hypotheses  for  field  testing.  In  some  instances,  for  exam¬ 
ple,  in  using  altimeter  data  for  ocean  forecasting,  the 
models  will  be  critical  for  data  a.ssimilation  in  space  and 
time. 

At  least  three  areas  of  GSS  research  arc  timely  and  are 
of  critical  concern:  First,  while  numerical  models  have 
become  more  rcalLstic,  some  serious  discrepancies  still  exist 
between  model  simulations  and  the  sparse  observations. 
This  problem  is  due  to  inadequacies  in  the  models  and 
in  the  data  density.  The  models  have  failed  to  simultaneous 
ly  account  for  both  the  mean  path  of  the  Gulf  Stream 
and  its  penetration  far  into  the  interior  of  the  North  Atlan 
tic.  and  for  the  high  energy  levels  in  the  deep  water 
downstream  of  the  NESC  at  3S”W,  where  k>ng  time  series 
from  moored  current  meters  are  a\  ailable.  This  discrepancy 
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Figure  H.  Experiment  domain;: 

is  especially  perplexing;,  since  abyssal  eddy  kinetic  encrj;ic*s  using  the  QG  assumption,  require  the  topography  to  be 

along  l')2"E  near  the  Kuroshio  Extension  are  a  factor  of  of  small  amplitude.  The  work  has  shown  that  the  small- 

2  to  possibly  a  factor  of  ^  lower  than  those  at  similar  depths  amplitude  seamount  results  are  qualitatively  different  from 

in  the  analogous  part  of  the  Gulf  Stream  (Schmitz  et  al..  those  for  the  large-amplitude  case.  An  additional  concern 

1982).  What  is  unique  about  the  GSS  that  yields  such  high  a,s.scKiated  with  the  topography  is  whether  the  Gulf  Stream 

abyssal  eddy  kinetic  energy.^  What  is  lacking  in  the  mcxlels  penetrates  to  the  bottom  after  it  leaves  Cape  Hatteras. 

that  prevents  them  from  generating  .such  energies  so  far  Direct  current  meter  observations  along  the  continental 
away  from  the  western  boundary.^  slope  are  often  contaminated  by  low-frequencv  topographic 

A  second  question  involves  the  importance  of  Rossby  waves,  which  makes  it  difficult  to  determine  the 

topographic  control  on  the  dynamics  and  statistics  of  the  relationship  lx“tween  deep  fluctuations  and  meanders  of 

Gulf  Stream  downstream  from  Cape  Hatteras.  lncrea.sing  the  Gulf  Stream  (Bryden.  1982).  How  are  these  waves 

observational  evidence  and  the  mtxleling  work  suggest  an  generates!  and  can  a  model  .iccount  for  them.^  Hogg  (1981) 

important  role  for  the  continental  shelf  and  slope,  as  well  traced  the  origin  of  the  TRWs  observed  near  TIVW  back 

as  such  obvious  topographic  anomalies  as  the  NESC  in  to  a  generation  region  near  .^8'’N  and  68"W  at  the  north- 

influencing  the  Gulf  Stream.  However,  most  of  the  existing  ern  end  of  the  NESC.  Is  it  possible  that  meanders  of  the 

models  of  the  GSS  either  use  a  flat -bottom  model  or.  by  GS.  interacting  with  the  seamounts  might  be  the  trigger 
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for  these  waves.-'  Another  aspect  of  the  topographic 
influence  is  related  to  ring  generation,  movement,  and 
decay.  Work  clearly  indicatc-s  that  warm  core  ring  genera 
tion  efficiency  is  increasi*d  by  the  sc*amounts  and  that  t-ddy 
activity  in  the  deep  water  in  the  vicinity  of  the  seamounts 
was  increased  compared  to  the  flat  bottom  experiment. 
It  is  also  quite  evident  in  the  observations  that  the  con 
tinental  shelf  and  slope  influence  the  mosement  and  decay 
of  the  rings. 

The  third  scientific  is.sue  is  related  to  the  measurement 
of  various  statistical  quantities,  b<ith  from  the  models  and 
in  the  observations.  We  have  evaluated  the  complete 
energetics  budget  for  our  mtxlel  experiments  and  can  map 
each  term  in  the  kinetic  and  potential  energy  equations, 
both  for  the  mt*ans  and  for  the  fluctuations,  which  is  much 
ea.sier  to  do  in  the  mcxlels  than  in  the  observations.  The 
best  that  can  be  done  observationally  is  to  monitor  some 
of  the  terms  in  the  energy  equations,  estimate  the 
magnitude  of  the  energy  reservoirs,  and  make  educated 
gues,scs  at  the  total  picture.  By  subsampling  the  model 
with  "imaginary"  current  meters,  inverted  echo  .sounders, 
altimeters,  etc.  and  recomputing  certain  energetic  quanti¬ 
ties  that  one  might  observe  in  the  cKean.  then  comparing 
them  to  the  "true”  solutions  from  the  full  model  out¬ 
put.  we  can  liegin  to  make  statements  alwut  how  sensitive 
eddy-mean  calculations  are  to  record  length,  measurement 
resolution,  and  error  contamination.  This  should  aid  the 
design  of  new  observational  programs  as  well  as  improve 
our  efforts  to  compare  mcxlels  and  observations.  Other 
quantities,  such  as  mass  transport,  relative  and  potential 
vorticity,  vertical  velcxity,  sea  surface  height,  and 
Lagrangian  drifter  statistics  are  readily  obtained  from  the 
mcxiel.  Much  work  still  needs  to  be  done  on  the  optimum 
means  for  intercomparing  models  and  cxeanic  data  and 
on  standardi/.ing  the  rules  for  determining  when  a  model 
realistically  compares  with  the  observations. 
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NORDA  Studies  of  Medium  Scale  Flow 
Dynamics  in  Marginal  Seas  and  Straits 

Thomas  H.  Kinder 
Oceanography  Division 

Abstract 

The  techniques  of  experimental  physical  oceanography,  numerical  circulation 
modeling,  and  remote  sensing  measurements  have  been  applied  to  the  Southeastern 
Caribbean  and  Western  Mediterranean  Seas.  Rows  channeled  by  narrow  passages 
enter  these  semi-enclosed  seas  as  jets  which  become  unstable  and  form  medium 
scale  eddies  and  gyres.  Improved  descriptions  and  dynamical  understanding  of 
the  medium  scale  features  have  emerged  from  NORDA  studies. 


Introduction 

Marginal  or  .semi -enclosed  seas,  such  as  the  Caribbean 
and  the  Mediterranean,  exhibit  hydrodynamical  phenome¬ 
na  similar  to  the  oceans.  Their  smaller  size  and  partial 
i.solation.  however,  make  them  more  tractable  for  both 
experimental  and  modeling  investigations  than  the  great 
oceans  they  typically  border.  .A  natural  laboratory  for 
studying  oceanic  fluid  dynamics  exists  in  marginal  seas, 
particularly  where  strong  flows  enter  or  exit  through  nar¬ 
row  straits  or  pas.sages.  Flows  through  these  straits  are 
often  concentrated  into  well-defined  jets,  but  unstable,  jots. 

These  features  of  marginal  seas  can  make  posing  ex¬ 
perimental  and  modeling  questions  clearer.  For  instance, 
mesoscale  eddies  located  near  the  downstream  side  of  straits 
are  most  likely  recently  formed  locally,  and  their  forma¬ 
tion  is  probably  a.ssociated  with  the  strong  flows  that  form 
in  the  vicinity  of  the  strait.  Boundaries  for  Ixith  observa¬ 
tional  grids  and  numerical  mtxlels  are  also  defined  well, 
whereas  in  open-ocean  experiments  and  models  there  is 
often  a  nagging  uncertainty  about  the  upstream  and 
downstream  conditions;  indeed,  it  is  often  not  known  which 
is  upstream  and  which  is  downstream. 

Sea  straits  are  oceanographically  imp(.)rtant  because  they 
influence  adjacent  water  bodies  and  contain  highly 
energetic  hydrodynamic  phenomena.  They  impose  a 
geographic  constriction  on  the  water  flow  (,ind,  frequent 
ly.  on  the  flow  of  air  above  them).  Bathyme.i  ic  gradients 
are  also  large,  and  continental  slopes  and  submarine  can 
yons  arc  often  located  near  straits.  These  features  cau.se 
water  flow  to  inteasify,  water  masses  to  juxtapttse,  and 


atmospheric  forcing  to  modify.  Strait  geometries  make 
various  boundary  effects  important,  such  as  lateral  and 
bottom  friction,  coastal  upwelling.  sidewall  eddies,  setup, 
and  sharp  curvature  of  streamlines.  The  energetic  flows 
cause  nonlinear  effects,  mixing,  and  turbulence  to  become 
important.  For  large  straits,  the  earth's  rotation  remains 
significant. 

To  address  ba.sic  .scientific  questions  alxtut  the  complex 
flows  in  marginal  seas  and  near  straits,  investigators  from 
three  NORDA  groups  were  combined,  so  the  techniques 
of  experimental  physical  oceanography,  numerical  circula¬ 
tion  modeling,  and  satellite  and  aircraft  remote  sensing 
could  be  applied  to  the  problem.  The  goal  was  to  learn 
how  to  use  these  techniques  synergist ically  while  work¬ 
ing  on  meaningful  and  clearly  defined  scientific  problems. 

Two  NORDA  projects  have  combined  in  situ  mea.sure- 
ments  with  other  tt“chniques  to  elucidate  medium-scale 
(about  10- Kk)  km)  variability  downstream  of  .straits.  In 
the  Caribbtan  project,  hydrographic  and  current  measure¬ 
ments  were  combinc*d  with  numerical  mcxleling  to  in¬ 
vestigate  eddy  formation  as  the  westward-flowing  Carib 
bean  Current  exits  the  pa.ssages  of  the  .southern  Lesser 
Antilles.  In  tlte  Mediterranean  project,  in  situ  measure 
ments  and  numerical  modeling  were  combined  w  ith  remote 
•sen.sing  techniques  from  aircraft  and  satellite  to  study  the 
gyre  that  forms  from  the  Atlantic  Water  that  debouches 
the  Strait  of  Gibraltar. 

These  two  projects  emphasize  NORDA  "s  contributions. 
Obviously,  many  non-NORDA  investigators  have  con 
tributed  to  mesoscale  and  strait  flows  in  the  Caribbean 
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Figure  3.  /I  vector  plot  of  low  passed  filtered  currents  oh 
tained in  l97H-l979from  Grenada  Basin  (near  I3°N,  62’'W: 
cf.  Fig.  1).  Note  that  there  are  energetic  fluctuations  near 
periods  of  30  days. 

modeling  (Heburn  and  Hurlburt,  1985)  has  shown  the 
effects  of  variable  inflow  and  interaction  between  the  in¬ 
flow  jets. 

Satelite-tracked  drifter  measurements  showed  eddies  of 
the  same  size,  polarity,  and  location  as  predicted  by  the 
model  (Hebum  et  al.,  1982;  Kinder,  1984).  A  hydrographic 
survey  (Burns  et  al.,  1981)  and  current  meter  moorings 
(Boyd  and  Kinder,  1980;  Fig.  4)  confirmed  the  scales  and 
energy  levels  of  the  eddies. 

Mcsoscale  and  strait  flows  in  the  western  Mediterranean  Sea 

The  Mediterranean  project  differed  from  the  Caribbean 
project  in  two  important  respects.  First,  the  major  meso- 
scale  feature,  the  Alboran  Sea  gyre,  and  the  inflow  forcing 
were  reasonably  well  known  (Lanoix,  1974;  Lacombe  and 
Richez,  1982).  We  were  thus  able  to  formulate  more  specif¬ 
ic  scientific  questions  early  in  the  project  and  to  judge  pre¬ 
liminary  experimental  and  modeling  results  against  existing 
knowledge.  Second,  the  Mediterranean  Sea  is  an  excellent 
region  for  applying  satellite  infrared  techniques.  We  in¬ 
cluded  remote  sensing  as  the  third  important  technique. 

An  international  team  of  investigators  was  formed,  and 
the  principal  objective  was  to  understand  the  dynamics 
of  the  Alboran  Sea  gyre,  lire  experimental  plan  was  coor¬ 
dinated  by  NORDA  and  the  Instituto  Espanol  de  Oceanog- 
rafia.  Overviews  of  the  project,  entitled  Donde  Va?,  and 
preliminary  results  have  been  published  (Donde  Va  Group, 
1984;  Parrilla,  1984),  but  many  important  results  are  still 
being  prepared  for  publication. 

The  numerical  model  was,  again,  an  adaptation  from 
Hurlburt  and  Thompson  (1980)  with  high  horizontal 
resolution  (5  X  10  km).  We  hypothesized  that  the  gyre 
was  directly  forced  by  the  narrow  eastward  jet  of  Atlan¬ 
tic  Water,  and  that  the  major  gyre  fluctuations  were  caused 
by  variations  in  this  inflow  jet.  The  model  experiments 
suggested  that  the  gyre  size  is  strongly  dependent  on  the 
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Figure  4.  Pycnocline  fluctuations  from  a  two  layer  numerical 
model  experiment  forced  by  inflow  on  the  eastern  (right) 
boundary  and  with  the  western  boundary  open.  Even  with 
steady  inflow,  eddies  form  with  properties  that  are  consist 
ent  with  the  observations. 

velocity  (both  speed  and  direction)  and  vorticity  of  the 
incoming  current  (Preller  and  Hurlburt.  1982;  Preller. 
1985).  The  gyre  develops  as  an  instability  of  the  inflow 
(Figs.  5  and  6)  and,  once  formed,  it  can  be  interpreted 
as  a  standing  Rossby  (planetary)  wave. 

Although  some  caution  is  required  in  inferring  the  gyre 
and  jet  structure  from  infrared  images  (Bucca  and  Kinder, 
1984).  during  June-October  1982  the  infrared  images  ac 
curately  reflected  the  general  gyre  and  jet  shape,  as  well 
as  location  (Champagne-Phillipe  and  La  Violette,  198'i; 
La  Violette,  1984;  Kinder,  1984).  The  images  showed  a 
fully  developed  gyre  throughout  the  period,  except  for  one 
lO-day  interval  in  September.  June  and  October  hydro 
graphic  data  and  current  meter  data  throughout  the  peritxl 
confirmed  a  close  correlation  between  the  sea  surface 
temperature  pattern  and  the  shallow  (to  2(X)-m  depth) 
hydrographic  and  velocity  distributions.  Visible  satellite 
and  aircraft  images  showed  a  strong  negative  correlation 
between  .sea  surface  temperature  and  calculated  chlorophyll 
concentrations  (Arnone  and  La  Violette,  1985;  Fig.  7). 
Rapid  fluctuations  present  in  apparent  chlorophyll 
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Figure  3.  Pycnocline  Jluctuations  from  a  two  layer  numerical 
mode!  experiment  forced  hv  upper  layer  inflow 
through  the  Strait  of  Gibraltar  (left).  The  western  boundary 
is  open  to  the  upper  layer.  Note  the  strong  meandering  in 
flow  jet  and  the  anticyclonic  gyre  icf.  Fig.  6). 


concentrations  are  not  yet  understood.  La  Violette  (191L'i) 
found  small  (lO-km),  cool,  surface  temperature  anomalies 
that  appeared  to  extend  through  the  Atlantic  Water  and 
that  were  advected  around  the  gyre.  Each  anomaly  seemed 
to  be  generated  twice  daily  near  the  strait  exit. 

Velocity  measurements  included  moored  current  meters 
during  June-October  and  various  short-term  measure¬ 
ments  during  October:  surface  drifters  (La  Violette,  198“)), 
shore-based  radar  (Janopaul  and  Frisch,  1984),  and  detailed 
profiler  sections  (Perkins  and  Saunders,  1984).  The  low- 
passed  current  data  were  highly  correlated  across  the  ar¬ 
ray,  which  spanned  both  the  jet  and  the  gyre.  The  most 
startling  event  was  the  absence  of  any  strong  eastward 
flow  in  the  northern  Alboran  during  the  10  day  period 
that  corresponded  to  the  absence  of  the  gyre  in  satellite 
infrared  images  (Kinder.  I98-L.  Fig.  8).  The  short-term 
(4-  to  S-hour)  drifter  tracks  showed  that  the  surface  speed 
maximum  (<120  cm/sec)  was  found  near  cool  sea  sur¬ 
face  temperatures  (La  Violette.  198“)).  Velocity  cross  sec¬ 
tions  showed  a  close  correspondence  to  hydrography  and 
regions  of  high  shear  (Perkins  and  Saunders.  1984;  Fig.  9). 
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Figure  6  Surface  dynamic  height  using  a  2()()  dbar  reference  level  lu'hich  is  both  a  traditional  and  reasonable  choice).  The  data  were 
gathered  by  U  S  and  Spanish  ships  during  two  weeks  in  October  19F2  Both  the  inflow  jet  and  the  gyre  are  evident  IcJ.  Ug  3i. 
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tdhir  I9SJ.  I  he  hi,i;h  chlarafyliyll  edtueiilrutiutis  u/tirier 
shaites!  airresfioihleJ  ta  cool  seii  surhu  e  tempi  r,iliires  in 
satellite  in/rarei/  ima,i;es  let  Fix's.  5  am/  (>i 


( I9S  i).  The  >;«)mt‘tric  evolution  ol  this  stirhite  manilcstj 
tion  ol  the  internal  waves  has  been  tunher  traced  liv  us 
in)*  radar  in  the  strait  (La  N'iolette.  Kinder  and  Green. 
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The  untiltered  current  meter  data  al.v)  revfaleil  enerui-tic 
ixickets  ol  short  ]x'riod  (  ~  50  minute)  intern.il  waves  (l-ius. 
lo  .ind  I  i  I.  I  hese  waves  were  ordered  by  amplitude  and 
apjx'ared  to  be  internal  solitons  (Kinder.  lOSl).  Thev 
orittinate  in  the  extri'niely  enertjetic  hvilraulic  reijime  of 
the  strait  il.acombe  and  Riche/,.  lO.S'n,  A  similar  wave 
packet  was  correlated  to  an  arcuate  (concave  westward) 
pattern  observed  in  a  visible  satellite  imatte  In  La  X'iolette 


Fix’ure  hydrox’raphic  and  velocity  cross  section  obtained 
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unpublished  manuscript)  and  by  usin^  both  aircraft  and 
Space  Shuttle  photo>>raphs  in  the  strait  and  the  Alboran 
Sea  (La  \'iolette  and  Arnone.  personal  communication). 

The  pattern  and  the  dynamics  of  the  Mediterranean 
water  Ixmeath  the  gyre  have  also  been  elucidated  (Farrilla 
et  al..  lySS).  They  showed  that  the  concentration  of  inter 
mediate  water  as  a  broad  current  in  the  northern  Allxrran 
,ind  the  deep  water  as  a  narrow  current  in  the  southern 
Allx>ran  is  understandable  as  an  effect  of  the  earth's  rota 
tion.  In  the  first  case  the  absence  of  bottom  topography  is 
crucial;  in  the  second  case-  the  bottom  topography  imitates 
variations  in  the  rotation  rate  ("topographic  Ixta  effect") 
and  causes  a  boundary  current  to  form. 

Summary 

The  Caribbean  and  the  Mediterranean  projects  have 
already  been  fruitful,  although  important  results  are  still 
in  preparation  for  publication.  The  first  basic  description 
of  the  energetic  mesoscale  variability  in  the  southeastern 
Caribbean  has  been  obtained,  and  the  nature  of  its  genesis 
is  now  understotxl.  The  origin  of  the  Alboran  gyre  and 
the  cau.se  of  the  Mediterranean  water  currents  are  now- 
understood.  Internal  solitons  and  subme.soscale  thermal 
anomalies  were  discovered. 

The  attempt  to  combine  different  techniques  was  also 
successful.  The  nature  of  this  success  is  probably  best 
demonstrated  by  the  papers  by  Heburn  et  al.  (1982)  and 
Farrilla  et  al.  (1985),  in  w'hich  fundamental  points  in  the 
papers  depended  critically  on  Ixtth  of  the  represented 
techniques.  Fublications  that  are  now  in  preparation  will 
prttvide  further  examples,  either  within  single  papers  or 
within  closely  couplcxl  pairs  of  papers.  NORDA  has  strong 
expertise  in  the  areas  of  experimental  physical  oceanogra 
phy.  numerical  circulation  modeling,  and  satellite  renune 
sensing.  Future  collaborations  should  be  equ.illy  fruitful. 
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Bioturbation  is  defined  as  all  biological  activity  that 
physically  alters  sediments.  Research  at  NORDA  has 
shown  that  bioturbation  also  alters  sediment  geoacoustic 
and  roughness  properties  important  to  modeling  and 
predicting  high-frequency  acoustic  bottom  scattering. 
Bioturbation  by  benthic  animals  can  alter  sediment  im¬ 
pedance  properties  by  either  compacting  or  “fluffing” 
the  sediment;  bioturbation  can  also  alter  bottom  roughness 
properties  by  smoothing  the  sediment  surface  or  by 
building  sediment  mounds  (Fig.  1).  Benthic  animals  can 
also  alter  sediment  acoustic  volume  scattering  properties 
because  the  animals  create  feeding  voids  that  become  filled 
with  sediments  that  have  densities  different  from  the  sur¬ 
rounding  sediments,  of  the  animals  create  or  destroy 
layered  sediments.  Large  benthic  animals,  especially  those 
with  shells,  are  important  bottom  and  volume  point  scat- 
terers  of  acoustic  energy. 


High  frequency  acoustic  bottom  .scattering  is  known 
to  limit  the  effectiveness  of  mine-hunting  sonar  systems, 
torpedo  guidance  and  control  systems,  and  ASW  systems 
in  general.  NORDA  research  has  shown  that  biological 
alteration  of  sediment  is  predictable,  and  NORDA  research¬ 
ers  have  demonstrated  the  magnitude  of  this  alteration 
on  acoustic  bottom  scattering  using  theoretical  and  em¬ 
pirical  bottom  scattering  models. 

For  example,  changes  in  bottom  roughness  due  to 
smoothing  of  the  sediment  surface  in  sandy  sediments  can 
result  in  a  decrease  in  bottom  backscatter  strength  by  one 
to  two  orders  of  magnitude  for  a  20-kHz  signal  at  low 
grazing  angles.  Acoustic  volume  scattering  by  sediment 
inhomogeneities  created  by  bioturbation  may  be  the  most 
important  factor  determining  bottom  scattering  in  soft 
sediments. 

y  \  \  \  \  Acoustic 

Ny  \  \  \  V/ Wavelength 
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Introduction 

The  polar  regions  are  characterized  by  unique  environ¬ 
ments  and  are  potential  theaters  of  naval  operations.  The 
environments  are  characterized  by  consistently  low 
temperatures,  long  periods  of  darkness,  erratic  and 
unreliable  communications,  large  areas  of  ice-covered 
shallow  seas  (Arctic),  remote  to  centers  of  population,  the 
shortest  (great  circle  route)  distance  airline  routes  between 
northern  hemisphere  centers,  etc.  These  and  other  features 
peculiar  to  polar  regions,  especially  the  Arctic,  often 
translate  into  constraints  on  the  U.S.  Navy’s  capability 
to  carry  out  missions.  Until  recently,  the  U.S.  made  only 
a  minimal  effort  to  study  Arctic  phenomena,  especially 
how  it  affects  military  operations.  Increased  activity  and 
improved  capabilities  by  Soviet  forces  in  the  Arctic,  par¬ 
ticularly  surface  and  subsurface  operations,  has  focused 
U.S.  Navy  interest  on  the  Arctic  as  a  potential  theater 
of  operations.  NORDA  has  been  involved  in  research  on 
ice.  .snow,  sea  ice,  ice  dynamics,  airborne  and  satellite 
remote  .sensing,  and  ice  camp  logistics  in  the  Arctic  and 
the  Antarctic  since  the  early  1960s.  Specific  areas  of  studies 
have  developed  through  the  years  that  are  principally 
centered  on  understanding  the  environmental  physics  and 
advanced  remote  sensor  technology. 

The  majority  of  the  study  programs  have  developed 
specific  capabilities  required  for  research  in  polar  en 
vironments.  Establishment  of  camps  on  floating  sea  ice 
for  supporting  10-1“)  scientists  for  durations  ranging  from 
weeks  to  months  is  one  example  of  the  unique  capabilities 
NORDA  has  developed.  The  variety  of  disciplines  required 
to  .solve  many  problems  must  be  merged  and  coordinated 
within  the  pervading  hostility  of  the  polar  environments. 
The  threats  to  man  and  machines  posed  by  the  environ¬ 
ment  underlies  the  challenge  of  scientific  investigations 
in  the  polar  regions.  Highlights  of  a  few  areas  of  polar 
regions  research  in  progress  at  NORDA  follows. 


Discussion 

Analysis  of  single-band  passive  miaowave  imagery 

The  K^-band  Radiometric  Mapping  System  (KRMS)  is 
a  passive  airborne  microwave  imager  that  operates  at  a 
center  frequency  of  3.T6  GHz.  The  instrument  produces 
images  of  surfaces  during  heavy  cloud  cover  or  darkness. 
As  such,  KRMS-like  instruments  are  well  suited  to  all- 
weather  Arctic  reconnaissance  applications. 

Digital  images  produced  by  KRMS  represent  maps  of 
the  areal  variation  in  radiometric  brightness  temperatures 
across  a  scene.  Brightness  temperature  is  a  function  of 
physical  surface  characteristics.  Differences  in  salinity, 
liquid  water  content,  porosity,  and  the  character  of  overly¬ 
ing  snow  determine,  in  large  part,  the  radiometric 
characteristics  of  sea  ice.  Insofar  as  such  physical 
characteristics  differ  between  different  types  of  ice,  passive 
microwave  imaging  systems  provide  a  means  of  mapping 
the  abundance  and  distribution  of  different  ice  types  en¬ 
countered  along  a  flight  track. 

Work  to  date  shows  that  four  Arctic  surfaces  can  be 
mapped  unambiguou.sly  in  winter  conditions  if  only  static 
(point  measurement)  K^-band  brightness  temperatures  are 
considered.  Open  water,  frazil  (agglomerated  into  clumps, 
stringers,  and  tadpoles),  old  ice  (multiyear  and  second-year), 
and  first-year  ice  (including  young  ice)  arc  characterized 
by  ranges  of  brightness  temperatures  that  do  not  overlap. 
New  ice  and  nilas.  however,  display  a  wide  range  of 
brightness  temperatures  that  overlap  brightness  tempera¬ 
tures  characteristic  of  old  ice  and  first -year  ice.  Although 
new  ice  and  nilas  confound  classification  schemes  based 
solely  on  static  brightness  temperature  mea.surements,  areal 
variation  in  temperatures  across  different  types  of  ice  pro¬ 
duces  characteristic  patterns  and  textures.  Descriptors  that 
characterize?  these  patterns  can  lx‘  used  in  conjunction  with 
static  temperature  measurements  to  distinguish  between 
different  types  of  ice  that  display  similar  brightness 
temperatures. 
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Textural  descriptors  are  being  developed  to  classify  ice 
in  scenes  of  passive  K^-band  imagery.  Our  ultimate  ob¬ 
jective  is  to  provide  basic  research  in  digital  image  proc- 
e.ssing  that  will  permit  automated  ice  reconnaissance  seasor 
systems  to  be  constructed.  We  envision  a  semiautomated 
system  that  will  record  the  abundance  of  different  ice  types 
overflown  at  regular  intervals  along  track.  Advantages  of 
implementing  .such  a  system  versus  using  prc'sent  ice  recon- 
nais.sance  methods  are  several  fold.  The  all-light,  all-weather 
capability  of  pas.sive  microwave  imagers  removes  limita¬ 
tions  impo.sed  on  conventional  visual  ice  reconnaissance 
methods.  Passive  microwave  imagers  can  lx?  used  at  higher 
altitudes  and  will  cover  broader  regions  than  human  ice 
observers  can.  Finally,  data  gathered  by  an  automated 
system  can  be  near-r  eal-time  telemetered  or  recorded  and 
archived  for  later  analysis  and  interpretation.  Such  synoptic 
records  of  regional,  sea.sonal,  and  annual  ice  variability 
are  valuable  as  input  to  models  for  Arctic  acoustics,  ice 
drift,  and  heat  exchange  between  ocean  and  atmosphere. 

Analysis  of  archived  aerial  photographs 

Since  1%2  a  substantial  archive  of  remotely  sensed  (air¬ 
borne)  data  in  Arctic  regions  has  bexm  accumulattxl.  These 
data  show  ice  conditions  in  the  central  Arctic  and  in 
regions  adjoining  the  United  States.  Canada,  Greenland. 
Iceland,  and  Norway.  Most  data  are  aerial  photographs 
and  la.ser  profiles,  although  limited  .sequences  of  infrared, 
passive  microwave,  and  multifrequency  radar  images  also 
are  available. 

Individual  records  in  the  archive  have  been  u.sed  for 
specific  projects,  but  the  data  set  has  never  been  analyzed, 
as  a  whole,  for  the  synoptic  information  it  contains.  Be¬ 
cause  these  data  depict  ice  conditions  over  a  wide  range  of 
geographic  regions  in  most  seasoas  for  more  than  20  years, 
a  comprehensive  picture  of  regional,  sea.sonal,  and  annual 
variation  in  ice  conditions  is  pre.sent  in  the  archive.  More 
than  10.000  high-resolution  aerial  photographs  are  being 
reduced  to  a  form  in  which  they  can  be  used  to  study 
regional  and  .sea.sonal  variation  in  ice  type,  thickness,  and 
concentration.  Image  processor  programs  were  developed 
to  mc’asure  the  relative  abundance  of  different  surface  types 
in  a  photograph.  This  information  is  preserved  in  tabular 
form.  Each  line  of  the  table  corresponds  to  a  different  frame 
of  photography  and  gives  the  percentage  of  the  scene 
covered  by  open  water,  .shuga,  dark  nilas.  light  nilas,  gray 
ice.  gray-white  ice,  first-yc>ar  ice.  old  ice,  and  icebergs.  Melt- 
prmd  and  ridge  coverage  is  given  where  it  can  be  deter 
mined.  The  end  product  is  an  environmental  data  base 


that  provides  the  distribution  of  surface  types  present  at 
specific  times  and  places  in  the  Arctic. 

Ice/snow  physics  and  ground-truth  validation 

The  Arctic  ice  pack  constitutes  a  complex  physical  sys 
tern  not  easily  described  by  mathematical  models  in  any  but 
a  gro.ss  statistical  sense.  Dynamical  models  are  derived  from 
physical  principles  and  typically  contain  a  small  numlx-r  of 
parameters  that  mu.st  be  merged  with  airborne  or  ground 
bast'd  measurements.  But,  if  the  properties  of  the  medium 
vary  .significantly  over  relatively  small  distances  (as  they 
do  in  the  Arctic  ice  pack),  the  model  appropriate  for  a 
small  volume  of  the  medium  may  not  apply  (if  it  contains 
typical  limiting  approximations)  to  the  adjoining  volume. 

Phy.sical  properties  relevant  to  remote  .sen.sing  in  the 
Arctic  include  physical  temperature  (usually,  if  not  always, 
varying  with  distance  from  the  top  surface),  ice  and  snow 
salinities,  porosity  (the  amount  of  air  trapped  in  the  ice), 
ice  and  snow  densities,  dielectric  constant  (which  could, 
in  principle,  be  derived  from  the  other  properties  if  they 
were  uniform),  brine  volume  (the  percentage  of  salt  water 
trapped  in  the  ice),  free  water  content  (extremely  impor¬ 
tant  to  the  dielectric  constant  of  snow  cover),  snow  and 
ice  grain  size  (still  suffering  from  a  lack  of  universally  ac- 
cepttxi  definition),  crystal  orientation,  and  ice  thickness. 
None  of  these  properties  can  be  mea,sured  remotely  a  priori 
(except  the  surface  temperature  part  of  the  physical 
temperature  profile)  with  remote  sensors,  but  they  can 
be  inferred  once  the  model  parameters  have  been  estab¬ 
lished.  if  the  surface  is  uniform  over  some  distance. 

Therefore,  surface-based  (ground  truth)  measurements 
must  be  made  to  establish  the  measurable  physical  prop 
erties  and  their  typical  spatial  variability  (to  determine  the 
statistical  portion  of  the  models).  Validation  consists  of 
matching  remotely  inferred  physical  property  and 
parameter  values  (e.g.,  ice  thickness),  with  a  stxond  set 
of  ground-ba.scd  measurements  taken  at  the  time  of  the 
remote-sensor  “flyover.” 

Spatial  variability  of  the  physical  properties  contributes 
uncertaintic's  in  the  parameters  that  must  be  inferrtxl  from 
mea.surements.  The  scientific  process— hypothesis,  experi 
ment  or  test,  and  improved  hypothesis— is  very  difficult 
to  maintain  in  the  Arctic  due  to  the  limitations  of  ex 
perimental  control.  However,  recent  work  at  NORDA 
has  shown  progress  in  sorting  out  the  sources  of  the 
variability  in  electromagnetic  properties  of  .sea  ice.  This 
basic  work  will  help  in  developing  a  mathematical  physical 
mixlel  that  links  the  near  surface  and  remote  mca.suremcnt,s 
of  sea  ice  electromagnetic  radiation. 
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Finescale  Variability  Studies  at  NORDA 
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Oceanography  Division 

Abstract 

NORDA  is  investigating  finescale  oceanographic  processes  and  the  means  by 
which  they  can  be  studied.  “Finescale  processes”  loosely  include  those  with 
vertical  scales  of  tens  of  meters  or  less  and  horizontal  scales  of  hundreds  of  meters 
or  less.  From  a  basic  science  perspective,  a  better  understanding  of  these  proc¬ 
esses  sheds  light  on  the  nature  of  the  oceanic  internal  wave  field  and  on  the 
mechanisms  and  rates  of  horizontal  and  vertical  mixing.  From  a  Navy  perspec¬ 
tive,  the  work  yields  insights  into  wake  turbulence  and  second-order  effects  on 
acoustic  propagation.  Initial  efforts  concentrated  on  developing  a  unique  profil 
ing  instrument,  the  VCTD,  that  allows  simultaneous  measurement  of  temperature, 
conductivity,  pressure  (depth),  and  three  components  of  velocity.  Now  that  the 
instrument  has  been  perfected,  present  and  future  work  deals  with  the  use  of 
the  VCTD  and  supplemental  instrumentation  in  better  understanding  the  nature 
of  the  finescale  processes. 

Introduction  events  localized  in  both  space  and  time.  Thest'  events  ap 

Many  upper  ocean  processes  are  intimately  related  to  to  '’o  rare  in  the  sense  that  most  of  the  mixing  is 

turbulent  mixing.  For  example,  to  study  the  transport  of  the  result  of  widely  separated  regions  of  inten.se  mixing, 

heat  by  the  ocean  from  the  equator  to  the  pole,  we  must  If  the  concept  of  smoothly  varying  mixing  can  be  applied 

first  understand  how  the  downward  mixing  of  heat  is  <tt  all,  it  can  only  be  in  a  statistical  sense,  in  which  the 

balanced  by  the  upward  transport  of  deep,  cold  water  that  net  effect  of  the  mixing  can  be  given  regional  or  seasonal 

sank  in  the  polar  regions.  The  wind-driven  currents  are  characterizations. 

generated  by  a  stress  acting  directly  at  the  surface  and  These  regions  of  strong  mixing  appear  as  anomalies  in 

by  waves  generated  by  pressure  fluctuations  acting  on  that  the  smooth  background  of  temperature,  salinity  (and  often, 

surface.  The  currents  are  formed  when  the  wind’s  momen-  hut  not  necessarily,  density)  and  velocity.  Anomalous 

turn  is  mixed  downward  and  is  transferred  to  the  deeper  patches  with  vertical  scales  on  the  order  of  l-l(X)  m  and 

water.  The  upper  layers  of  the  ocean  become  stratified  horizontal  scales  on  the  order  of  lO-KKK)  m  are  grouped 

as  heat  is  input  from  the  sun  and  is  mixed  to  deeper  levels.  under  the  general  term  “oceanic  finestructure.”  while 

One  of  the  great  unresolved  problems  of  modern  smaller  scales  are  termed  “microstruaure."  These  terms 

oceanography  is  understanding  the  mechanisms  underly-  ^re  not  well  defined,  the  distinction  being  ba.sed  mainly 

ing  the  mixing  processes  and  the  distribution  and  intensi  0*1  the  differences  in  instrumentation  required  to  observe 
ty  of  those  processes.  the  smaller  scales,  so  they  are  .sometimes  grouped  under 

The  simplest  assumption  about  ocean  mixing  is  that  the  general  category  of  “fine-  and  microstructure, 
it  is  distributed  uniformly,  or  at  least  smoothly,  in  both  Interest  in  the  occurrence  of  fine  and  microscales  in 

space  and  time — an  assumption  that  is  supported  by  the  the  ocean  thus  arises  from  their  close  relation  to  the  natural 

most  elementary  formulations  of  diffusion  theory:  that  is,  mixing  processes.  The  fact  that  they  are  small  in  scale 

although  the  level  of  mixing  might  vary  from  place  to  and  infrequent  makes  their  study  challenging.  We  need 

place  and  from  time  to  time,  the  transition  would  always  to  know  how  the  natural  processes  occur,  whether  their 

be  smooth.  However,  recent  studies  have  shown  this  is  occurrence  can  be  predicted  (at  least  on  a  statistical  basis), 

not  the  case;  in  fact,  mixing  appears  to  occur  as  isolated  and  what  the  statistics  of  intensity  and  occurrence  of  the 
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mixinjj  events  are.  Only  then  will  we  be  able  to  make 
reasonable  estimates  of  the  probability  of  encountering 
natural  patches  of  turbulence. 

Because  the  mixing  processes  asscxiatcxl  with  fine-  and 
microstructure  are  so  widely  di.stributed.  but  occur  in  small 
localized  patches,  it  is  necessary  to  develop  techniques  by 
which  the  frequency  and  distribution  of  these  mixing 
events  can  be  determined  by  routine  surveys.  One  of  the 
original  and  primary  goals  of  the  finescale  processes  pro¬ 
gram  at  NORDA  was  (and  remains)  to  develop  and  test 
methods  for  obtaining  this  information. 

Fine-  and  microscale  variations  in  cxeanic  properties 
occur  almost  everywhere  in  the  cxean.  In  certain  areas, 
however,  specific  types  of  finescale  structure  occur  more 
often  and  with  greater  intensity  than  in  other  areas. 

For  example,  a  region  of  intense  finestructure  activity 
is  southea.st  of  Barbados.  The  finestructure  is  characterized 
by  a  step  like  appearance  in  the  trace  of  temperature,  salini¬ 
ty  and  density  plotted  against  depth.  The  steps  are  really 
layers  of  water  on  the  order  of  10-40  m  thick,  .separated 
by  high  gradient  layers  (usually  called  sheets)  on  the  order 
of  a  meter  or  less  in  thickness. 

Other  types  of  finestructure  are  associated  with  oceanic 
fronts.  Very  clear  finestructure  signatures  can  be  seen  in 
the  temperature,  salinity,  and  velocity  fields  in  the  North 
Atlantic  Subtropical  Convergence  Front  (1984  study  area, 
see  later).  Other  fronts,  such  as  the  New  England  Shelf- 
Break  Front  and  the  Iceland-Faeroe  Front,  exhibit  similar 
instances  of  clear  finestructure  activity. 

Even  as  the  turbulent  events  responsible  for  cxeanic  mix¬ 
ing  tKCur  as  isolated  patches  in  space,  so  is  their  occur¬ 
rence  in  time  a  Itxalized  phenomenon.  This  statement 
needs  to  be  qualified,  as  different  mechanisms  are  respon¬ 
sible  for  the  existence  of  different  finescale  structures, 
which  necessarily  possess  different  time  scales.  In  some 
models  of  fine  and  microscale  proces.ses.  the  frequency 
di.stribution  in  both  space  and  time  is  thought  to  be  log¬ 
normal.  If  that  a.ssumption  is  correct,  the  form  of  the 
distribution  implies  that  the  rarer  events  are  responsible 
for  most  of  the  mixing  activity.  If  we  are  to  determine 
the  fluxes  over  an  cxeanic  area  due  to  mixing  from  field 
measurements,  we  must  have  gcxxl  statistics  of  the  finescale 
structures  and  a  gcxxl  knowlcxlge  of  the  prexesses  involved. 

Mechanisms 

A  number  of  different  processes  lead  to  fine-  and 
microstructure  in  the  cxean.  Among  these  are  double  dif 
fusion,  shear  instability,  external  mixing,  and  internal  wave 
straining. 


Double  diffusion 

The  possible  existence  of  double  diffusion  was  suggested 
by  three  oceanographers  in  19')6  (Stommel  et  al..  19‘i6). 
For  nearly  15  years  double  diffusion  was  termed  an 
“cxeanographical  curiosity"  and  felt  to  have  no  major 
significance  in  the  cxean.  However,  over  the  past  10  years 
or  so  it  has  become  more  and  more  apparent  that  under 
the  right  conditions  double  diffusion  is  not  only  a  very 
important  prexess  in  oceanography,  but  also  in  such  diverse 
fields  as  astrophysics,  metallurgy,  chemical  enginc-ering. 
solid  earth  geophysics,  and  solar  pond  technology  (Hup 
pert  and  Turner.  1981;  Chen  and  Johnson.  1984). 

Double  diffusion  arises  when  two  components  in  a  fluid 
diffuse  at  different  rates  on  a  molecular  scale  and  when 
these  components  contribute,  in  opposing  senses,  to  the 
vertical  density  gradient.  In  the  ocean  the.se  components 
are  heat  and  salt:  heat  diffuses  nearly  100  times  faster  than 
salt,  and  the  more  heat  the  water  has.  the  lighter  it  is; 
when  water  has  more  salt,  it  is  heavier. 

If  more  than  two  components  are  involved-  in  stars 
this  might  include  angular  momentum,  heat,  magnetic 
field,  and  helium— the  process  is  called  multicomponent 
diffusion. 

When  well  developed,  both  forms  are  characterized  by 
extremely  well-mixed  convective  layers  separated  by 
relatively  thin  interfaces.  Figure  1  is  a  .schematic  drawing 
of  the  two  forms.  The  so-called  diffusive  form.  ari.sing  when 
temperature  and  .salinity  both  increa.se  with  depth,  is 
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Figure  1.  The  twa  forms  of  douhte  diffusion.  T  is  temp,  or 
the  faster  diffusing  suhstancc.  S  is  salt,  the  slower  iliffusing 
substance. 


Physical  Oceanography 


characterized  by  a  sharp  interface,  across  which  large 
temperature  and  salinity  gradients  exist.  Heat  and  salt  are 
transported  upward,  primarily  by  molecular  diffusion  across 
the  interface  (hence  the  name  "diffusive”  form),  but 
because  heat  diffuses  faster  than  salt,  the  heat  flux  is  larger 
than  the  salt  flux.  The  convective  regions  on  either  side 
keep  the  interface  sharp  and  the  gradients  maximized. 

The  second  form,  the  fingering  form,  occurs  when  both 
temperature  and  salinity  decrt^ase  with  depth.  The  fingering 
interface  consists  of  a  field  of  upward-  and  downward- 
moving  columns  of  water— the  fingers— which  transport 
fluid  from  one  side  of  the  interface  to  the  other.  Becau.se 
heat  diffuses  through  the  side  walls  of  the  fingers  much 
faster  than  salt  does,  .some  heat  lost  through  the  sidewalls 
by  the  downward-moving  fingers  is  returned  upward  bv 
the  upward-moving  fingers.  As  a  con.sequence,  the 
downward  flux  of  salt  is  greater  than  the  downward  flux 
of  heat.  As  with  the  diffusive  form,  the  convective  regions 
on  either  side  of  the  interface  keep  the  gradients  through 
the  interface  maximized.  Turner  (198^)  gives  a  rwent 
review  of  the  field. 

Under  some  tK'eanic  conditit)ns,  both  forms  are  impor 
tant.  It  is  impossible  to  explain  frontal  processes  without 
invoking  double  diffusion,  particularly  the  dynamics  and 
evolution  t)f  intrusions  and  vertical  and  horizontal  mix¬ 
ing  in  such  regions  (e.g.,  Gregg  and  McKenzie,  1979; 
TiK)le  and  Georgi.  1981).  On  a  smaller  scale,  double  dif 
fusion  may  be  important  in  the  mixed  layer  for  mixing 
small  scale  thermohaline  anomalies  into  the  surrounding 
fluid  (IX-lnore.  1980). 

Lhider  other  circumstances,  one  form  or  the  other 
predciminates.  The  diffusive  form  is  possible  where 
tenifX'rature  and  salinity  increase  with  depth,  a  situation 
that  (Kcurs  most  commonly  in  polar  regions  (e  g..  Neshyf'a 
et  al..  19''1;  Foster  and  C.armack,  197())  and  near  scsiflinir 
geothermal  sources  (e.g..  V'lxirhis  and  Dorson.  197"): 
Wiesenburg.  1980).  Schmitt  ( 1981 )  has  suggested  that  in 
termittent  salt  fingering  may  Ix'  the  controlling  mcvlwnism 
in  the  shape  of  the  potential  tem|X'rature  salinity  curve 
in  the  Central  Waters  of  the  world's  cxeans.  The  existence 
of  a  wick-spread  subsurface  salinity  maximum  in  many  parts 
of  the  tropical  and  subtropical  ocean  (Pickard  and  Emery. 
1982)  suggests  that  salt  fingering  may  be  common  in  these 
regions.  Miller  and  Browning  (1974)  observed  the  large- 
scale  isothermal  steps,  which  are  con.sidered  a  hallmark 
of  intense-  salt  fingering  activity,  in  a  43-km  transc-ci  across 
the  eejuator  along  8'i‘'2‘)  W  in  the  eastern  Pacific.  Similar 
staircasc-s  have  bec-n  obsc-rve-d  off  the  northeast  coast  of 
South  America  ( PWS  study  area,  scr  later)  in  the  l  yrrhc-ni 
an  Sc-a  (e.g..  Johannes,v-n  and  l.if.  197  t),  the-  Gull  of  C.uli/ 


(e.g.,  Elliott  et  al..  1974),  and  the  northeast  Caribbean 
(Lambert  and  Sturges,  1977). 

Conditions  allowing  the  formation  of  large-scale,  well- 
developed  and  long-lived  thermohaline  staircases  are  not 
as  common  as  conditions  that  permit  less  vigorous  salt 
fingering.  However,  the  cxcurrence  of  staircasc-s  may  well 
indicate  regions  of  significant  vertical  mixing  and  water 
mass  modification  (Lambert  and  Sturges,  1977).  In  addi¬ 
tion.  less  dramatic  steps  appear  to  be  fairly  common 
wherever  two  water  masses  with  the  proper  temperature 
and  salinity  relationships  are  in  contact  (e.g.,  Evans.  1981; 
Schmitt  and  Gc-orgi.  1982;  Larson  and  Gregg,  198.3;  Armi 
and  Zenk.  UM't).  If  laboratory  results  may  be  extrapolated 
to  cxeanic  conditions,  then  .salt  fingering  is  causing  substan¬ 
tial  downward  transport  of  heat  and  salt  wherever  stair¬ 
cases  are  found  and  may  lx?  a  very  important  vertical  mix¬ 
ing  mexhanism.  In  addition,  preliminary  work  has  indicatc-d 
the  stairca.ses  have  a  significant  impact  on  acoustic  prop¬ 
agation  (S.  Chin-Bing  and  D.  King.  NORDA,  personal 
communication;  R.  Schmitt.  Woods  Hole  Oceanographic 
Institution,  personal  communication). 

Shear  instabilities 

Fine  and  microstructure  variations  of  oceanic  proper¬ 
ties  can  also  result  from  turbulence  generated  by  shear 
instabilities.  Twci  closely  rclatc-d  classes  of  instabilities  may 
lx-  defined:  Kelvin-Helmholtz  instabilities  and  internal  wave 
breaking. 

The  simplest  mcxlel  of  the  Kelvin-Helmholtz  instabili¬ 
ty  is  that  of  a  flag  wacing  in  the  breeze.  Suppose  you  start 
with  a  thin,  flexible  membrane  (a  flag,  for  instance)  with 
a  constant  brex-ze  blowing  by  it.  Now .  impost-  a  small  wavy 
disturlxmce  on  the  membrane.  Where  the  membrane  is 
convex,  the-  streamlines  of  the  wind  will  lx“  forced  together 
and  will  increase-  its  spe-c-ci;  conversely,  on  the  concave 
portion  of  the  memlirane.  the-  wind  will  be  slowed.  From 
Bc-rnoulli's  law,  wc-  can  sec-  that  the  pressure  acting  on 
the  mc-nibranc-  in  the  convex  regions  will  be  lowered  and 
the-  I’rc-ssure  on  the  concave  regions  increased.  This 
pressure  distribution  will  tend  to  move  the  membrane  in 
a  manne-r  such  that  the-  concave  regions  become  more 
concave  and  similarly  tor  the  convex  regions. 

Fhe  same  phvsics  applies  to  a  horizontal  mc-mbrane 
sc-parating  two  regions  of  flow  moving  at  different  spex-ds. 
it  you  allow  the  membrane-  to  move  at  the  average  spc-c-d 
of  the  flow  in  both  regions.  .-Xs  long  as  the  density  is  the 
same  in  fxith  rc-gions  of  flow,  the  instability  will  (xcur. 
If  the  upiH-r  region  has  Ic-ss  dense  fluid  than  the  lower 
region,  work  w  ill  hav  e-  to  be  done-  against  gravity  to  raise 
tluiel  from  the-  lowe-r  re-gion  into  the  upjx-r  region  and  vice 
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versa.  If  the  density  difference  is  great  enough,  the  disturb¬ 
ance  will  not  grow  and  no  instability  will  occur. 

The  ocean  does  not  have  thin,  flexible  membranes  or 
infinite  gradients,  such  as  in  the  simple  model  described. 
Nevertheless,  the  same  physics  applies  to  regions  of  flow 
where  the  density  and  velocity  gradients  vary  with  depth. 
As  long  as  the  ratio  of  the  den.sity  gradient  to  the  square 
of  the  velocity  gradient  remains  above  a  certain  threshold, 
Kelvin  Helmholtz  instabilities  cannot  occur.  The  density 
gradient  is  usually  multiplied  by  the  gravitational  accelera¬ 
tion  and  divided  by  the  mean  density  to  get  a  number 
that  is  the  square  of  the  Brunt-Vaisala  frequency,  the 
frequency  at  which  a  parcel  of  water  would  o.scillate  if  dis¬ 
placed  vertically  from  its  resting  position.  When  this 
number  is  divided  by  the  square  of  the  vertical  velocity 
gradient,  a  nondimensional  number,  the  Richardson 
number.  Ri,  is  formed.  The  critical  value  for  Kelvin- 
Helmholtz  instabilities  is  Ri  =  ’4. 

Internal  wave  breaking  can  arise  when  internal  waves 
occur  in  a  region  where  the  fluid  velocity  varies  with  depth, 
i.e..  in  a  shear  regime.  Suppose  you  have  a  weak  shear 
field  with  velocity  increasing  upward.  If  an  internal  wave 
is  generated  moving  in  the  same  direction  as  the  shear, 
the  upper  part  of  the  wave  will  be  advected  forward  faster 
than  the  lower  portion  of  the  wave.  Eventually  the  upper 
part  of  the  wave  will  move  far  enough  ahead  of  the  rest 
of  the  wave  that  denser  fluid  will  overlay  less  dense  fluid 
and  result  in  a  Rayleigh  Taylor  instability  that  collapses 
into  a  turbulent  patch.  (This  instability  is  responsible  for 
the  ultimate  development  and  turbulent  collapse  of  the 
Kelvin-Helmholtz  in.stability.) 

In  the  (xean,  the  shear  field  may  be  due  to  a  large- 
scale  feature  such  as  an  eddy  or  front  or  to  other  larger 
scale  internal  waves.  Frontal  regioas  may  possess  both  the 
large-scale  shears  associated  with  the  actual  front  and  large- 
scale  internal-inertial  waves.  Strictly  speaking,  the  instability 
associated  with  the  breaking  of  internal  waves  should  be 
called  an  “advective  instability."  This  can  take  place 
without  any  ambient  shear— just  the  shear  present  in  the 
background  internal  wave  field. 

External  mixing 

Another  .source  of  fine-  and  micro.scale  structure  related 
to  turbulence  arises  from  the  passage  of  various  types  of 
objects  through  the  cxean.  When  a  vessel  or  large  animal 
moves  through  a  fluid,  it  leaves  a  wake  of  turbulent  fluid 
behind.  For  most  bcxlies  the  wake  is  large  enough  to 
generate  turbulent  patches.  The  initial  transverse  diameter 
of  the  wake  is  on  the  order  of  the  diameter  of  the 
generating  body.  In  a  stratified  fluid  the  wake  will  tend 


to  collapse  and  flatten  out  under  the  influence  of  the  sur¬ 
rounding  fluid.  The  initial  collapse  is  quite  rapid,  typical¬ 
ly  on  the  order  of  a  few  minutes  in  the  cxean,  but  the 
time  for  flattening  is  on  the  order  of  the  reciprcxral  of  the 
Brunt-Vaisala  frequency  of  the  ambient  fluid.  As  the 
wake  collapses  it  will  lose  energy  by  turbulent  dissipation 
and  radiation  of  internal  waves.  After  a  time,  the  turbulent 
velocity  fluctuations  will  be  damped  by  the  viscosity  of 
the  fluid,  and  the  variations  in  temperature  and  salinity 
will  be  smoothed  out  by  diffusive  processes.  The  time  need¬ 
ed  to  smooth  out  the  fluctuations  to  the  original 
background  state  is  known  as  the  lifetime  of  the  disturb¬ 
ance.  Wu  (19f)6)  gives  a  good  discus.sion  of  the 
hydrcxlynamic  phenomena  associated  with  the  collapse  of 
a  turbulent  wake  in  a  stratified  fluid. 

Internal  wave  straining 

The  above  mechanisms  of  generating  finestructure  are 
called  "irreversible"  mechanisms  because  the  mixing  they 
cause  irreversibly  changes  the  temperature,  salinity,  and 
density  fields.  Another  mechanism,  internal  wave  strain¬ 
ing.  is  termed  “reversible"  because  it  only  temporarily 
leads  to  changes  in  these  fields.  Perturbations  in  the  fields 
occur  as  the  wave  passes,  but  once  it  has  gone  by,  the 
temperature,  salinity,  and  den.sity  fields  return  to  their 
prewave  condition. 

This  has  been  a  quick  survey  of  some  of  the  mechanisms 
generating  finestructure  and  turbulence  in  a  fluid.  The 
action  of  .some  of  the.se  mechani.sms  (action)  is  commonly 
observed  in  the  atmosphere  when  cloud  and  moisture  con¬ 
ditions  are  favorable.  On  days  when  a  strong  vertical  shear 
is  near  or  just  above  a  stratus  cloud.  Kelvin  Helmholtz 
instabilities  and  subsequent  billow/roll  formation  and.  final¬ 
ly,  turbulent  mixing  and  smoothing  can  be  seen.  Exter 
naF  mixing  is  evident  when  a  high  flying  aircraft  creates 
the  clas.sic  contrail  formation.  These  formations  result  from 
the  wing-tip  vorticc's  of  the  aircraft  and  eventually  interact 
with  one  another  to  twist  and  form  "smoke-ring"  pat 
terns  far  back  in  the  wake. 

Instrument  development 

In  a  few  special  instances  it  is  possible  to  directly  observe 
the  formation  and  evolution  of  fine  and  microstructure 
in  the  ocean.  Woods  (1968)  observed  the  formation  of 
billows  and  rolls  on  a  thermocline  sheet  by  introducing 
dye  into  the  stratification  and  photographing  its  evolu¬ 
tion.  Some  of  the  first  direct  measurements  of  shear  in 
the  main  thermocline  were  made  by  dropping  dye  pellets 
from  the  submersible  ALVIN  and  making  a  series  of 
stereoscopic  photographs  of  the  dyt*d  pellet  wakes. 


Physical  Oceanography 


Microstructure  in  the  thermal  (or  more  accurately,  the 
refractive  index)  field  is  often  observed  by  divers  as  they 
pass  through  the  seasonal  thermocline  in  large  lakes.  In 
general,  however,  fine-  and  microstruaure  must  be  studied 
indirectly  through  a  suite  of  instruments,  including  sen¬ 
sors  that  measure  temperature,  conductivity,  velocity,  op¬ 
tical  properties,  and  high-frequency  acoustic  backscatter. 

In  the  mid  195()s,  an  instrument  was  developed  to  ob¬ 
tain  very  rapid  measurements  of  temperature,  pressure, 
and  conductivity.  The  temperature  and  conductivity  were 
combined  in  the  instrument  to  get  salinity,  and  the  values 
of  temperature,  salinity,  and  conductivity  were  transmit¬ 
ted  up  a  conducting  cable  to  a  readout  unit  and  plotter 
on  the  ship.  This  instrument  evolved  into  the  the  Bissett- 
Berman  STD  (salinity-temperature-depth  measuring 
device).  At  the  time  the  STD  was  developed,  the  need 
for  matching  the  time  response  of  the  temperature  and 
conductivity  .sensors  was  not  recognized,  nor  were  digital 
computers  inexpensive,  reliable  or  small  enough  to  use 
in  routine  data  processing  at  sea.  The  mismatch  between 
the  sensor  time  responses  resulted  in  erroneous  salinity 
“spikes”  whenever  the  instrument  passed  through  very 
strong  temperature  gradients.  The  conductivity, 
temperature,  and  depth  profiler  (CTD)  developed  by  Neil 
Brown  to  overcome  many  of  the  problems  inherent  in 
the  STD  design  has  been  manufactured  by  Neil  Brown 
Instrument  Systems  Corporation  (NBIS)  since  the  I97()s, 
and  has  become  one  of  the  standard  instruments  for 
oceanographic  research. 

The  acoustic  current  meter  (ACM)  was  also  developed 
by  NBIS.  This  instrument  uses  the  principle  that  the  time 
required  for  an  acoustic  pulse  to  travel  from  one  set  of 
transducers  to  another  is  equal  to  the  speed  of  sound  plus 
a  factor  proportional  to  the  speed  of  the  water.  If  pulses 
arc  sent  at  the  .same  time  and  in  opposite  directions,  then 
the  time  difference  of  the  puLse  travel  is  directly  propor¬ 
tional  to  projection  of  the  water  velocity  on  the  sound 
path.  This  type  of  current  meter  is  very  rugged  and  has 
no  moving  parts  or  negligible  zero  drift.  The  pathlength 
is  short,  on  the  order  of  20  cm.  making  it  a  good  sen.sor 
for  the  larger  microscale  to  the  larger  finescale  velocity 
fluctuations. 

A  major  undertaking  at  NORDA  has  been  the  develop 
ment  of  a  hybrid  in.strument  combining  the  features  of 
the  NBIS  CTO  and  ACM.  This  finescale  profiler  measures 
velocity,  conductivity,  temperature,  and  pressure  (depth) 
and  is  termed  the  VCTO.  The  primary  sensors  for 
temperature  and  conductivity  are  the  same  as  for  the  NBIS 
CTD.  As  in  the  CTD,  there  is  a  temperature  sensor  with 
a  very  rapid  respon.se  but  low  accuracy,  and  another 


temperature  sensor  has  a  slow  response  but  very  high  ac¬ 
curacy.  The  temperature  signals  from  both  sensors  arc 
sent  to  the  deck  unit  separately  for  subsequent  data  proc¬ 
essing  on  the  ship  or  in  the  laboratory.  The  velocity  sen¬ 
sors  are  similar  to  those  used  in  the  ACM,  but  while  the 
ACM  has  two  acoustic  paths,  the  VCTD  has  three  in¬ 
dependent  paths  and  can  therefore  resolve  the  full  three- 
dimensional  velocity  vector. 

In  addition  to  the  basic  oceanic  sensors,  two  sets  of  aux¬ 
iliary  sensors  determine  the  orientation  and  motion  of  the 
instrument.  The  first  sensor  is  an  orthogonal  triad  of  ac¬ 
celerometers  that  measures  instrument  acceleration  along 
three  axes.  A  triaxial  magnetometer  is  aLso  installed  to 
measure  the  components  of  the  earth's  magnetic  field  vec¬ 
tor  in  the  instrument  coordinate  system. 

When  the  instrument  was  initially  orderexi.  the  suite 
of  sensors  was  thought  to  be  sufficient  for  determining 
both  the  instrument  orientation  and  the  motion  of  its 
center  of  mass.  It  was  also  thought  that  these  quantities 
could  be  resolved  and  that  the  effect  of  the  instrument's 
motion  could  be  removed  by  appropriate  numerical  treat¬ 
ment  of  the  data,  but  this  assumption  has  proved  incor¬ 
rect.  Over  the  past  several  years  NORDA  has  investigated 
a  number  of  methods  for  mechanically  decoupling  ship- 
induced  motion  from  the  VCTD.  subject  to  the  constraint 
of  keeping  the  instrument  tethered  to  the  ship.  Tether¬ 
ing  would  permit  control  of  the  sampling  depths  of  the 
instrument,  provide  power,  obtain  real-time  data,  and  avoid 
the  time  and  expense  of  VCTD  redesign  and  construc-tion. 

Both  passive  and  active  systems  were  considered  for 
providing  the  decoupling  before  finally  settling  on  an  ac¬ 
tively  controlled  winch  with  external  feedback.  The  winch 
was  constructed  by  the  SeaMac  division  of  Harvey  Lynch. 
Inc.,  of  Houston.  Texas,  and  the  control  and  feedback 
system  was  designed  and  constructed  at  NORDA.  The 
first  tests  of  the  motion  isolation  system  were  performed 
with  reasonable  success  on  the  Finescale  Variability  Ex¬ 
periment  cruise  in  July  1984,  and  the  VCTD  is  becom¬ 
ing  an  indi.spen.sable  tcxil  in  NORDA 's  finestructure 
investigations. 

A  number  of  expendable  instruments  have  lx*en  or  will 
be  u.sed  in  finescale  studies.  They  include  the  expendable 
dissipation  profiler  (XDP),  developed  by  Lueck  and 
Osborne  of  the  Naval  Postgraduate  School;  the  expendable 
current  profiler  (XCP).  developed  by  Sanford  of  the  UnivtT- 
sity  of  Washington  Applied  Physics  Laboratory;  and  the 
ubiquitous  expendable  bathythermograph  (XBT)  and  its 
air  launched  version,  the  AXBT.  The  XDP  is  the  newest 
of  these  instruments  and  is  presently  the  only  expendable 
instrument  capable  of  making  microscale  turbulence 
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estimates.  These  expendables  are  invaluable  in  supplement 
ing  CTD  and  VCTD  measurements. 

Field  studies 

1980 

The  first  sea  tests  of  the  VCTD  were  performed  on 
a  cruise  to  the  Bay  of  Campeche  in  autumn  1980.  The 
primary  goal  of  the  cruise  was  to  check  out  the  instru 
ment  at  sea,  correct  design  faults,  if  any,  and  tc'st  different 
methods  for  deploying  the  instrument  to  facilitate  reduc 
tion  of  ship-induced  motion. 

Several  ea.sily  correctcxl  errors  were  found  in  the  elec¬ 
trical  design  of  the  instrument.  The  instrument  was  tested 
by  deploying  it  in  the  same  manner  as  the  CTD  (from 
the  .starboard  davit  arm).  Also  tried  were  several  varia 
tions  of  a  catenary  deployment,  which  proved  very  suc- 
ce,s,sfuJ  in  reducing  the  vertical  motion  of  the  in.strument 
at  the  expense  of  increasing  its  horizontal  motion. 

While  at  sea.  also  te.sted  were  several  methods  for  deter 
mining  the  vertical  veUxity  component  of  the  instrument 
to  be-  used  in  correcting  the  obsc-rved  vertical  veKxity. 
These  methcxls  worked  sucessfully.  and  were  later  im 
proved  on  shttre,  prior  to  the  next  cruise  (Saunders  et  al.. 
19S1), 

1981 

The  VCTD  was  used  next  on  a  joint  i  ruise  alioard  the 
RV  GYRE  in  Novembe-r  and  IX-cemIx-r  I  "SI  The  work 
ing  track  of  the  cruise  began  near  the  equator  at  2'i‘'W 
and  ran  west  northwest  to  Barbados.  Most  ot  the  VCTD 
stations  were  taken  between  the  equator  and  i"i\  along 
that  track. 

Gcxxl  oliservations  of  the  equatorial  undercurrent  were 
obtained,  although  data  had  to  lx-  filtered  alxuit  Him 
resolution  to  remove  ship  induced  motion  effects  Some 
extremely  homrtgeneous  layers  in  the  undert  urrent  were 
observed,  which  mav  have  been  indicative  of  strong  mix 
ing.  Results  from  this  cruise  have  Ixvn  publishcxl  m  Perkins 
and  Saunders  (19S2). 

1982 

The  following  year.  NORDA  scientists  participated  in 
a  cruise  to  the  Alboran  Sea  and  the  Ciulf  of  Cadiz,  span 
ning  both  .sides  of  the  Strait  of  Gibraltar.  A  second  VCn  i) 
was  purcha.scxl  that  had  a  pressure  sensor  capable  of  depths 
to  32(K)  m.  The  initial  plan  was  to  use  this  profiler  in 
examining  the  Mediterranean  outflow  in  the  Gulf  of  Cadiz 
and  to  use  the  older,  shallow  profiler  in  the  Allxtran  Sc-a. 
Unfortunately,  the  new  profiler  developed  conductivity 


problems,  but  measurements  taken  with  the  CTD  yield 
ed  grxid  information  on  the  larger  finescale  structures 
(Perkins  and  Saunders.  19S1a). 

The  second  part  of  the  cruise  was  part  of  the  IXinde 
Va.^  international  expe-riment  to  study  the  Alboran  Sea 
Gyre.  ITe  seas  were  extremely  calm,  and  all  the  data  from 
the  older  profiler  were  of  very  high  quality.  Two  good 
veUxity  and  CTD  sections  were  made  across  the  Atlan 
tic  inflow,  and  a  moderately  long  time  series  station  was 
made  just  off  Gibraltar.  Findings  have  been  presc-nted  in 
Perkins  and  Saunders  (19S'tb). 

1983 

In  July  1983  NORDA  cxeanographers  once  again 
returned  to  the  tropical  Atlantic  as  participants  m  the  in 
ternational  SHQUAL/FOCAl.  program  Two  equatorial 
sections  were  made;  the  first  extended  from  10"N  to  KfS 
along  24"W,  and  the  second  extended  from  V’S  to  1()"N 
along  2(>‘’W.  The  older  profiler  functioned  well,  yielding 
ginxl  data  down  to  320  m,  liut  unfortunately,  conductivi 
ty  problems  recurred  with  the  new  profiler.  (?TD 
measurements  were  made  to  obtain  conductivity  and 
temperature  down  to  800  m.  and  the  sections  were  filled 
in  by  XBT  drops.  Results  were  published  in  Perkins  and 
Saunders  ( 198  ic). 

On  the  westward  traasit  from  the  equator  into  Barbadtis 
the  ship  passcxl  through  a  well-known  region  ot  large-scale, 
salt  fingering  generated  thermohaline  steps.  As  a  pilot  study 
for  the  1983  (2SA1.T  work  (s  e  later)  Xb  Ts  were  dropped 
and  a  numlx-r  of  V'Cll)  and  CTD  casts  were  maele.  Re'sults 
have  Ixx-n  reportexi  in  a  number  of  presentations  and 
publications,  including  Boyd  et  al.  (H>i3),  Boyd  and  Perkins 
( 198-i),  Boyd  et  al.  ( 1983).  Boyd  and  Perkins  (1983a).  and 
Bovd  and  Perkins  (1983b). 

1984 

By  IWC  the  original  projevt  had  evolved  into  a  S|x-eial 
Fixus  Program  project  with  more  emphasis  on  the  nature 
of  the  fineseale  pnxesse-s  themselves,  rather  than  the 
me'thixis  by  which  they  can  lx-  obse-rvexl.  This  overall  proj 
ect  involved  NORDA,  the  Naval  Research  laiboratory 
(N'RI.)  and  the  Contract  Research  Program  (Xfice  of  ONR. 
The  first  phase  of  the  program  Ix'gan  in  198''t  with  the 
Finescale  V'ariability  Fxix’riment  (F\'X  8-i).  which  was 
phinncd  as  a  two  ship  operation  to  investigate  the  linestruc 
tore  in  the  North  Atlantic  Subtropical  Convergence  Front. 

The  scientific  objectives  of  the  study  were  to  determine 
the  spatial  distribution  of  finescale  patches  in  relation  to 
the  front  and  to  the  distribution  ol  internal  wave  activity; 
to  measure  the  morphology  of  the  patches  and  determine 
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the  processes  operating  in  the  patches;  to  study  the  inter¬ 
nal  wave  variability;  to  determine,  if  possible,  the  cause 
of  sheet  and  layer  structures;  and  to  determine  the  large- 
scale  structure  of  the  front.  To  accomplish  these  objec¬ 
tives,  a  two-ship  operation  was  planned.  The  NRL  ship 
would  be  responsible  for  obtaining  the  large-sea'  ■  ther¬ 
mal  background  and  locating  potentially  interesting  patch 
es  using  their  high-re.solution  thermistor  chain,  while  the 
NORDA  team  would  make  detailed  profiles  of  conduc¬ 
tivity,  temperature,  and  velocity  in  the  patches.  Airborne 
AXBT  flights  would  be  used  to  locate  the  front,  and  the 
ships  would  use  this  information  for  detailed  sections.  The 
experiment  was  to  be  divided  into  three  phases:  the  front 
would  be  located;  NORDA  would  take  repeated  profiles 
at  a  point  in  the  Iront  while  NRL  would  run  a  star  pat 
tern  around  the  NORDA  ship  in  the  front;  the  second 
phase  would  lx-  reix-ated  in  a  "quiet"  region  away  from 
the  front. 

This  plan  was  generally  followed,  with  the  addition  of 
a  cross  frontal  VCTD  and  CTD  section  during  a 
maintenance  period  for  the  NRL  chain,  and  a  study  of 
an  active  patch.  The  patch  study  began  with  its  location 
by  NRL  and  the  tagging  of  the  patch  with  a  NORDA 
drogue.  The  drogue  was  then  followed  by  the  NORDA 
ship,  and  nearly  continuous  profiles  were  taken  while 
following  the  patch  center.  During  this  period  the  NRL 
ship  ran  nearly  continuous  tracks  acro.ss  the  patch. 

V'ery  strong  shears  were  observed  in  the  patch  study. 
The  current  speed  did  not  vary  greatly  with  depth,  but 
the  direction  of  the  curretit  changed  radically,  giving  rise 
to  strong  shears.  During  most  of  the  study  a  great  deal 
of  internal  wave  activity  was  witnessed,  and  the  thermistor 
chain  profiles  showed  numerous  indications  of  Kelvin 
Helmholt/,  like  structures.  Analysis  of  the  data  is  ap 
proaching  completion. 


1985 


Double  dittusion  is  the  fixus  of  the  1 9S5  work.  A  num 
her  of  institutions,  including  NORDA,  NRL.  the  Naval 
Postgraduate  School,  the  Wtwds  Hole  Oceanographic  In 
stitution,  and  the  University  of  Washington  will  conduct 
an  intensive  study  of  the  thermohaline  staircase  field  off 
the  northea.st  coast  i)f  South  America. 

The  IWS  study  area  is  shown  in  Figure  2.  Thermohaline 
staircase's  have  been  reported  here  for  at  least  the  past 
IS  years  (Delnore  and  McHugh.  1972;  Ma/.eika.  1971; 
Perkins  and  Saunders.  19S2;  Bruce  et  aL.  I9Sd;  Boyd  et 
al..  19SS|.  A  survey  of  the  historical  reports  suggests  the 
steps  are  found  over  approximately  the  region  outlined, 
covering  roughly  1.2  x  10  km-.  An  example  of  what  is 


meant  by  "large-scale  thermohaline  staircase"  is  shown 
in  Figure  ?>  from  the  small  pilot  study  NORDA  carried 
out  in  the  area  in  19H3. 

The  upper  KKK)  m  of  this  area  is  a  region  of  high 
variability  where  waters  formed  in  the  North  and  South 
Atlantic  come  together  and  serve  as  a  source  for  both 
the  westward  flowing  Caribbean  Current  and  the  ea.stward- 
flowing  North  Equatorial  Counter  Current,  and  the 
eastward  flowing  Equatorial  Undercurrent  (Richardson  and 
McKee.  19S1;  Pickard  and  Emery.  1982).  Centered  at 
alxiut  100  m  is  the  warm,  salty  North  Atlantic  Subtropical 
Underwater  (SUW)  (Defant.  1901;  terminology  from 
Wuest,  PXi-l).  Somewhat  deejx'r,  at  alxiut  800  m.  is  found 
the  relatively  ctxil  and  fresh  Antarctic  Intermediate  Water 
(AAIW)  (Wuest,  1978;  terminology  from  Pickard  and 
Emery,  1982),  which  can  lx‘  tracc-d  well  into  the  Caribbean. 

The  salt  fingering  and  the  staircases  they  generate  ix 
cur  in  the  water  column  Ix'tween  the  SUW  and  the  AAIW. 
The  high  gradient  interfaces  Ix'tween  the  well  mixed  con- 
vextive  layers  are  typically  several  meters  thick,  but  the 
layers  can  range  from  several  meters  thick  to  up  to  200 
m  thick  in  some  parts  of  the  world.  The  salt  fingers  are 
Icxated  within  the  interfaces,  probably  across  several 
smaller  scale  interlaces  imbedded  within  the  larger  inter¬ 
faces.  The  small  interfaces  are  too  small  to  be  resolved 
by  ordinary  oceanographic  instrumentation  The  collec¬ 
tive  effect  of  the  fingers  is  to  drive  a  vigorous  flux  of  salt 
and  a  somewhat  lesser  flux  of  heat  downward  from  the 
SUW  into  the  AAIW. 

Tile  region  is  excellent  for  the  first  oceanograiihic  investi¬ 
gation  of  doulile  diffusive  prtxesses  The  salt  fingering  is 
much  more  vigorous  than  in  many  other  parts  of  the  world 
(xean  where  the  signatures  of  the  process  wiiiild  be  con¬ 
taminated  to  a  much  greater  extent  bv  other  mexhanisms 
that  generate  finescale  variability.  We  hope  the  understand 
ing  gained  in  tins  area  will  improve  our  understanding 
of  what  is  happening  in  much  more  complex  areas. 

The  field  work  in  198“)  will  occur  in  two  phases.  A 
spring  phase  includes  an  AXBT  survey  and  a  ship  survey 
that  will  also  implant  a  current  meter  mtxiring.  The  fall 
phase-  will  begin  with  an  AXBT  survey  and  the  two  2-ship 
investigations  using  a  vast  array  of  cxeanic  finescale  in¬ 
strumentation.  including  VCTD  profilers.  The  investiga 
tion  has  five  scientific  goals, 

•  To  define  the  extent  of  the  staircase-  field  in  this  region 
and  to  assess  its  variability  in  both  time  and  space. 

•  To  determine  the  kxal  temperature,  salinity,  and 
shear  environment. 

•  Lo  examine  the  evolution  of  the  siaircasc-s  over  sc-veral 
inertial  periods. 
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Figure  J.  Typical  hydrographic  cast  from  Stations  442  and  443 
(July  1983l-  The  warm  salinity  maximum  of  the  SUW,  the 
large  scale  thermohaline  steps,  and  the  salinity  minimum  of 
the  AAIW  are  indicated. 

*  To  compare  microstructure  measurements  in  the 
staircases  with  theoretical  flux  models  and  with  laboratory 
flux  laws. 

•  To  evaluate  the  role  of  the  steps  in  the  maintenance 
of  regional  hydrographic  and  tracer  fields. 

The  spring  phase  of  C-SALT  proved  very  successful  and 
as  this  article  goes  into  publication  the  fall  phase  has  had 
a  successful  beginning. 

1986 

In  the  spring  of  1986,  the  Finescale  Variability  Project 
plans  a  cruise  in  the  Alboran  Sea  to  observe  the  genera¬ 
tion  of  finescale  structure  near  the  Strait  of  Gibraltar,  to 
follow  the  structures  as  they  are  adverted  into  the  Alboran 
Sea  Gyre,  and  to  observe  their  decay. 
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An  Analytical  Evaluation  of  Microbiologically 
Induced  Corrosion 
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Abstract 

The  corrosion  resultinjj  from  the  colonization  of  bacterial  isolates  on  nickel, 
copper,  and  carbon  steel  surfaces  has  Iteen  quantified  usintj  a  newh  developed 
technique.  In  all  cases  the  presence  of  the  microory>anisms  created  anodic  cur 
rents.  Further,  it  has  been  shown  that  the  observed  currents  can  In-  due  to  rc-spira 
tion.  which  creates  differential  aeration  cells,  and  secretion  of  acidic  metabolites. 


Introduction 

MicTofoulinj>  and  corrositin  commence  immediatelv  after 
a  metal  is  exposed  to  an  aquatic  environment.  Microfoul 
ini’  is  the  accumulation  of  microbial  forms,  such  as  bacteria. 
fun,i>i.  and  microal^ae.  and  their  secretions.  Corrosion,  as 
applicKl  to  metals,  consists  of  oxidation  and  reduction  reac¬ 
tions  that  take  place  in  areas  known  as  anodes  and  cathcxles. 
respectively. 

Most  metals  are  found  in  nature  in  thermodynamical¬ 
ly  stable  forms.  An  investment  of  energy  is  required  for 
refining)  these  metallic  ores.  Immediately  after  refinement, 
oxidations  and  reductions  that  involve  energy  changes  via 
electron  transport  convert  these  metals  to  their  original 
low  energy  state.  Microorganisms  have  evolved  elaborate, 
efficient  systems  for  electron  transport,  using  a  varieiv 
of  metals  to  serve  energy  manipulation  requirements  (Alex 
ander.  1907;  Zajic.  19('i9]. 

Despite  the  obvious  interrelationship  between  cv'rrosion 
and  microfouling.  these  two  processes  have  traditionallv 
been  evaluated  individually.  Flowever.  the  economic, 
ramifications  of  microbial  corrosion  have  created  a  need 
tor  measurement  tools  to  quantify  the  process.  Fhe  tradi 
tional  weight  loss  method  for  measuring  corrosion  does 
not  distinguish  between  biological  and  abiological  contribu 
tions.  In  addition,  the  method  is  destructive  onlv  one' 
measurement  can  be-  made  per  specimen.  Klee  trcK hemic al 
mc'thocis.  such  as  potentioclynamic  polarization  scans  and 
I  .del  extrapol.itions.  permit  mans  observations  on  one 
spec  imen  over  time.  but.  .tgain.  there  is  no  distinction  be¬ 
tween  the  biotic  and  abiotic  components  of  cc'rrosion.  I  cir 
thermore.  the  patchy  nature  of  microbial  colonization  of 


surfaces  invalidates  the  data  derived  from  electrochemical 
techniques  that  are  based  on  the  assumption  that  the 
measured  corrosion  is  taking  place  uniformlv  on  the 
surface. 

.NIORDA  scientists  developed  an  analytical  approach  that 
can  he  usc-d  to  quantify  the  cerrrosion  current  resulting 
from  microbial  colonizaticvn  of  metal  surfaces  and  to  deter¬ 
mine  the  nature  of  the  microbial  mediation.  The  effects 
of  a  marine  pseuciomonad.  an  obligate  thermophilic 
filamentous  bacterium  and  an  iron-oxidizing  stalked 
bacterium,  i.solated  from  corroding  copper,  nickel,  and  car¬ 
bon  steel  surfaces,  respectively,  were  examined  using  this 
approach.  Possible  mechanisms  for  the  observed  corro¬ 
sion  have  also  been  evaluated. 


Methods  and  materials 

Corrosion  experiments 

A  sc  hematic  diagram  of  the  corrosion  measuring  device 
is  presented  in  Figure  1.  Ground  glass  bases  from  '\1  mm 
Millipore  lilter  supports  were  joined  to  the  sides  of  two 
7/(0  ml  flasks.  A  i).I  fim  pore  Millipore  cellulose 
acetate/cellulose  nitrate  filter  disc  was  placed  between  the 
two  supports,  and  the  flasks  were  cl.imped  tcygether  and 
tilled  with  'vOO  ml  of  the  basal  salts  medium  supplemented 
with  e.tch  tryptone  and  veast  extract.  Duplic.ites 

ol  c-ither  nickel,  copper,  or  carbini  steel  1  enf  electrodes 
were  placed  into  the  tl.isks.  The  entire  assembl.igc-  was 
,iut(K lived  for  1  a  min  ,it  1  J9''G  and  It  psi.  IV'atc-r  satur.ucx.1 
,iir  vv.is  bubblcxl  into  one  ol  the  flasks.  Prev  ions  expH-nments 
h.ive  shovvn  th.it  oxvgen  difhised  across  the  membr.ine 
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Figure  1.  Corrosion  measurement  cell. 


and  that  the  water  in  the  two  flasks  was  saturated  with 
oxygen  after  2  hours  of  aeration.  The  membrane  ensured 
electrolytic  conductivity  between  the  discs,  while  main¬ 
taining  microorganisms  on  one  side  of  the  membrane  and 
an  abiotic  system  on  the  other  side.  One  flask  was  in¬ 
oculated  with  a  metal  disc  previously  colonized  by 
microorganisms,  while  a  sterile  disc  was  dropped  into  the 
flask  to  be  kept  in  an  abiotic  condition.  The  electrodes 
were  then  galvanically  coupled  and  the  resulting  currents 
measured  with  an  EG&G  PARC  corrosion  measuring 
device  (Model  350). 

In  such  a  system  the  measuring  device  functions  as  a 
zero  resistance  ammeter;  i.e.,  the  potential  of  the  galvanic 
cell  is  not  perturbed  by  the  current  measurements.  If  the 
identical  metal  specimens  are  galvanically  coupled  and  are 
isolated  in  identical  electrolyte  solutions,  the  current  flow 
between  them  is  zero,  even  in  the  presence  of  active  cor 
rosion.  They  corrode  at  the  same  rate  and  neither  func¬ 
tions  as  an  anode  or  cathode  in  reference  to  the  other. 
If  this  balance  is  disturbed  by  the  presence  of  colonizing 
microorganisms,  a  current  flows  between  the  two 
specimens.  If  the  reaction  that  is  taking  place  at  the  .sur¬ 
face  of  the  inoculated  electrode  is  an  oxidation,  an  anodic 
current  will  be  recorded;  if  it  is  a  reduction,  a  cathodic 
current  results. 


Experiments  were  designed  to  abiotically  test  the  in¬ 
dividual  effects  of  bacterial  respiration  and  acid  metabolite 
production  on  the  corrosion  of  the  metal  substrata. 
Platinum  electrodes  were  used  as  chemically  unreactive 
surfaces  with  which  to  compare  the  electrochemical 
responses  of  the  other  metals.  The  0.1  fim  Millipore  filter 
was  replaced  with  a  Teflon  disc  to  ensure  chemical  separa¬ 
tion  of  the  compartments.  A  KCl/agar  bridge  maintained 
electrolytic  conductivity. 

Baaeria 

The  bacterium  designated  as  B-3  (Pseudomonas  sp.)  was 
isolated  from  a  surface  that  was  painted  with  cuprous  ox¬ 
ide  and  tributyl  tin  and  exposed  in  seawater.  Thermus 
aquaticus,  an  obligate  thermophile,  was  isolated  from  a 
failed  nickel  heat  exchanger  that  had  been  maintained  with 
distilled  water.  The  iron-oxidizing  bacterium  was  isolated 
from  a  corroding  carbon  steel  water  box  that  had  been 
filled  with  (naturally  occurring)  lake  water.  Standard 
microbiological  techniques  were  used  to  isolate  and  main¬ 
tain  pure  cultures.  Organisms  that  had  a  greater  ability 
to  attach  to  surfaces  were  selected  by  providing  metal  discs 
in  the  culture.  These  discs  were  used  for  subsequent 
transfers  and  for  the  inoculation  of  the  electrode  in  the 
corrosion-measuring  experiments. 

Results  and  discussion 

In  all  cases,  the  specimen  in  the  cell  inoculated  with 
bacteria  became  the  anode  of  the  galvanic  couple  with  cur¬ 
rents  ranging  from  1.0  /iA  cm“^  to  10.4  /xA  cm~^  (Fig. 
2).  The  range  of  observed  currents  is  indicative  of  the  vary¬ 
ing  susceptibilities  of  the  metal  substrata  and  the  varying 
impacts  of  the  three  isolates  on  those  substrata. 

The  optimum  growth  temperature  for  the  obligate  ther 
mophile  is  OO-VO^C,  and  the  organism  is  completely 


Figure  2.  Corrosion  current  versus  time  for  three  bacterial 
species. 
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inactive  below  5()“C.  The  dual  compartment  cell,  which 
held  nickel  specimens,  was  submerj^ed  in  a  water  bath 
maintained  at  and  one  compartment  was  inoculated 
with  the  organism.  After  about  20  hours,  the  current  at 
the  inoculated  electrode  began  to  increase  anodically,  and 
finally  stabilized  at  3.8  fiA  cm"’.  At  ambient 
temperature,  where  the  organism  is  inactive,  no  current 
between  the  compartments  was  observed.  Similarly,  no 
current  was  observed  when  the  organi.sms  colonizing  the 
nickel  electrode  were  heat-killed.  These  results  suggest  that 
these  organisms  must  be  metabolically  active  to  affect 
corrosion. 

Bacterium  B-3  was  inoculated  into  one  side  of  the  dual 
compartment  cell  that  held  copper  specimens.  After  a 
10-hour  incubation  time  at  ambient  temperature,  the  cur¬ 
rent  at  the  inoculated  elearodc  began  to  increase  anodically 
to  about  1.0  fiA  cm"’.  Similar  results  were  obtained 
when  the  stalked  iron-bacterium  was  inoculated  into  the 
system  containing  carbon  steel  electrodes.  An  ancxlic  cur¬ 
rent  of  10.4  fiA  cm“^  was  measured  after  approximate¬ 
ly  40  hours.  However,  the  iron-oxidizing  bacteria  on  the 
carbon  steel  surface  produced  tubercles  of  ferric  hydrox¬ 
ide,  which  prevented  diffusion  to  and  from  the  surface 
and  created  differential  aeration  cells  that  were  independ¬ 
ent  of  the  biochemical  activity  of  the  bacteria.  When  these 
microorganisms  were  heat-killed,  the  anodic  current  re¬ 
mained  stable  at  8.6  fiA  cm"^. 

Several  possible  mechanisms  have  been  proposed  for 
microbial  effects  on  corrosion  under  aerobic  and 
microaerobic  conditions.  Among  these  are  the  formation 
of  differential  concentration  (aeration)  cells  between  areas 
covered  by  bacteria  and  the  bare  areas  and  the  produc¬ 
tion  of  acids  by  microorganisms.  With  the  aid  of  the  dual¬ 
compartment  cell  described  in  this  paper,  it  is  possible 
to  abiotically  simulate  conditions  to  individually  evaluate 
proposed  mechanisms. 

Under  sterile  conditions,  oxygen  was  bubbled  through 
both  compartments  of  the  cell  containing  nickel,  copper, 
carbon  steel,  or  platinum  electrodes.  The  current  between 
the  compartments  was,  in  all  cases,  zero.  Differential  aera¬ 
tion  was  created  by  replacing  the  oxygen  in  one  of  the 
compartments  with  nitrogen.  The  carbon  steel  and  cop¬ 
per  electrodes  in  the  compartment  containing  nitrogen 
became  the  anode  of  the  galvanic  couple  with  stable  cur¬ 
rents  of  3.3  fiA  cm"'^  and  4.8  /lA  cm"",  respectively. 
No  current  was  observed  with  the  platinum  and  nickel 
electrtxles  in  the  presence  of  differential  aeration  at  room 
temperature. 

Evans  (1923)  stated  that  any  geometrical  factor  that 
results  in  a  higher  concentration  of  oxygen  at  one  part  of  a 


metal  surface  and  a  lower  or  zero  concentration  at  another 
will  result  in  the  former  becoming  the  cathode  and  the 
latter  the  anode  of  the  corrosion  cell.  The  experiments 
described  here  demonstrate  the  differential  aeration  princi¬ 
ple  defined  by  Evans,  but  they  also  demonstrate  that  the 
impact  of  differential  aeration  on  corrosion  current  varies 
among  metal  substrata  from  virtually  no  current  in  the 
case  of  platinum  to  stable  corrosion  currents  for  copper, 
carbon  steel,  and  nickel. 

Most  heterotrophic  bacteria  .secrete  organic  acids  dur¬ 
ing  the  fermentation  of  organic  substrates.  Organic  acids 
from  bacteria  have  been  shown  to  enhance  corrosion  of 
a  number  of  different  types  of  metals.  The  types  and 
amounts  of  acids  produced  in  nature  depend  on  the  kinds 
of  organisms  present  and  the  substrate  molecules  available. 
However,  in  natural  microaerobic  habitats,  acetic  acid  is 
the  major  organic  acid  produced  during  fermentation. 

The  impact  of  acetic  acid  on  the  corrosion  of  nickel, 
carbon  steel,  and  copper  was  experimentally  evaluated  in 
the  two-compartment  cell,  with  platinum  serving  as  a  con¬ 
trol.  The  experiments  were  conducted  in  3  parts  per  thou¬ 
sand  synthetic  salt  solution  in  which  the  electrodes  were 
incubated  overnight.  Once  the  electrical  connections  were 
made,  each  cell  was  allowed  to  reach  its  own  characteristic 
baseline  value.  One  of  the  compartments  in  each  of  the 
cells  was  made  10  millimolar  (mM)  with  respect  to  acetic 
acid.  In  all  cases  the  electrodes  in  the  compartment  con¬ 
taining  acetic  acid  became  the  anodes  of  the  two- 
compartment  apparatus  with  currents  which  stabilized  at 
0.11,  1.87,  7.34  nA  cm" ’,  respectively,  for  nickel,  cop¬ 
per.  and  carbon  steel.  The  current  between  the  platinum 
electrodes  remained  stable  at  0  iiA  cm"^  (Fig.  3).  The 
acetic  acid  apparently  caused  anodic  depolarization  with 
the  corroding  metals. 
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Figure  J.  Impact  of  10  mM  acetic  acid  on  corrosin  current  ver 
sus  time  for  nickel,  copper,  carbon  steel,  platinum  electrodes. 


Microbiology 


The  impact  of  specific  metabolites  varies  amon^J  sub¬ 
strata  as  shown  in  Figure  3.  Burnes  et  al.  (1967)  demon¬ 
strated  that  organic  acids  formed  metallic  salts  of  copper 
in  the  presence  of  oxygen.  Ashton  et  al.  (1973)  suggested 
that  the  acidic  secretions  of  Escherichia  coli  were  repon- 
sible  for  the  enhanced  corrosion  of  carbon  steel  due  to 
the  dissolution  of  iron-oxide  formed  on  the  metal  surface. 
Similarly,  nickel  forms  a  passivating  film  in  slightly  alkaline 
solutions.  Acidic  metabolites  secreted  by  microorganisms 
can  prevent  passivation  or  destroy  an  existing  passivation 
film. 

Conclusions 

The  corrosion  measurements  presented  in  this  paper 
confirm  that  three  bacterial  isolates  are  responsible  for 
anodic  corrosion  currents.  Further,  we  demonstrated  that 
re.spiration  and  acid  metabolites  contribute  to  these  anodic 
processes.  The  corrosion  of  carbon  steel  colonized  by 
microorganisms  can  continue  after  the  microorganisms 
have  been  killed  because  persistent  ferric  hydroxide 


tubercles  are  present.  Their  presence  creates  differential 
aeration  cells  that  are  independent  of  the  bicKhemical 
activity  of  the  microorganisms. 
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An  Overview  of  Basic  Bioluminescence 
Research  at  NORDA 

Richard  V.  Lynch  III  and  Arthur  V.  Stiffey 
Oceanography  Division 

Abstract 

Bioluminescence  occurs  throughout  the  world’s  oceans  at  all  times  of  the  year 
and  at  every  depth.  In  some  regions  it  creates  spectacular  displays.  It  can  be 
stimulated  in  a  number  of  ways— notably  mechanically,  chemically,  photically, 
barometrically  and,  possibly,  acoustically.  Most  naval  research  has  concentrated 
on  mechanical  stimulation  to  facilitate  remote  detection  of  ships  at  night  mov¬ 
ing  through  waters  containing  luminous  organisms.  Such  movement  will  stimulate 
the  organism  to  flash  or  glow,  creating  a  signal  that  can  be  detected  by  airborne 
low-light-level,  image-intensifying  television  camera  systems.  NORDA  research 
has  also  concentrated  on  vertical  distribution  of  bioluminescence  in  the  water 
column,  on  correlations  with  physical  and  chemical  parameters  in  seawater, 
and  on  stimulation  and  quenching  mechanisms.  A  correlation  between 
bioluminescence  and  temperature  gradients  has  been  established.  Lasers  and  small 
pressure  pulses  have  been  used  successfully  to  stimulate  bioluminescence  in 
dinoflagellates.  Studies  of  chemical  effects  on  bioluminescence  have  led  to  the 
development  of  assay  techniques  with  many  potential  applications.  Instrumenta¬ 
tion  development  is  being  promoted  to  enhance  naval  capabilities  in  this  field. 


Introduction 

“The  ship  dropped  depth  charges  and  in  30  minutes 
sank  the  last  German  U-boat.  The  phosphorescence  of  the 
sea  was  so  intense  that  the  movements  of  the  shining  U-34 
under  surface  were  clearly  visible." 

Luminescence  of  the  Sea, 

N.  1.  Tarasov  (19^6),  from 
Newbolt’s  Operations  of  the 
British  Fleet  in  World  War  I. 

Marine  bioluminescence  has  been  observed  since  ancient 
times.  Aristotle  refers  to  light  in  the  sea  that  can  only 
be  bioluminescence.  Later  observers  believed  that  it  was 
produced  by  phosphorus  and  called  it  phosphorescence 
of  the  sea,  a  term  still  frequently  used  by  mariners. 
However,  the  proper  term  is  bioluminescence  because  it 
is  light  produced  by  living  organisms. 

Bioluminescence  occurs  throughout  the  world's  oceans 
at  all  times  of  year  and  at  every  depth.  Luminous  organisms 
have  been  observed  at  the  bottom  of  the  Marianas  Trench 


and  have  been  thawed  from  Arctic  ice.  Below  the  photic 
zone  of  the  ocean,  it  has  been  estimated  that  perhaps  90% 
of  the  individuals  and  70%  of  the  species  are  luminous 
(Lynch,  1978).  Even  within  the  photic  region,  large 
numbers  of  luminous  organisms  occur.  Luminescence  ap¬ 
pears  in  most  marine  phyla  from  one-celled  dinoflagellates 
and  radiolarians  up  through  fish  and  squid. 
Bioluminescence  is  also  common  on  land;  fireflies  are  the 
best-known  examples.  In  fresh  water,  however,  only  a 
single  luminous  organism  lives— a  limpet  from  New 
Zealand. 

Luminous  marine  organisms  are  known  to  create  spec¬ 
tacular  displays.  Primarily  in  the  Arabian  Sea.  Bay  of 
Bengal  and  South  China  Sea,  displays  called  ‘  ‘milky  seas" 
and  “phosphorescent  wheels"  occur.  A  milky  sea  is  a 
large,  lighted  area  in  the  ocean,  which  frequently  extends 
from  horizon  to  horizon  and  sometimes  lasts  all  night  or 
longer.  A  phosphorescent  wheel  is  a  display  in  which  alter¬ 
nating  arms  of  light  and  dark  appear  to  rotate  around  a 
center  similar  to  a  fireworks  pinwheel  (see  Figure  1  for 
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Figure  1.  Artist 's  conception  of  a  phosphorescent  wheel  (from 
Hilder,  1962). 


an  artist's  conception  of  a  wheel).  These  pinwheels  range 
in  size  from  one  meter  to  several  kilometers  in  diameter. 
Indeed,  it  is  speculated  that  another  display  consisting  of 
moving,  parallel  stripes  of  light  is  only  the  arms  of  a  wheel 
the  center  of  which  is  over  the  horizon.  The  causes  of 
these  displays  are  unknown. 

Bioluminescence  can  be  stimulated  in  many  ways.  In 
nature,  the  most  common  means  is  probably  mechanical- 
touching  or  shaking  a  luminous  organism  will  cause  it 
to  flash  or  glow.  Thus,  an  object  moving  through  water 
containing  luminous  organisms  will  stimulate  them  to  emit 
light.  Another  natural  means  is  photic— some  organisms 
respond  to  flashes  from  their  own  species  or  others  with 
an  answering  flash.  In  the  laboratory  electrical  and  chemical 
stimuli  are  the  means  most  often  used.  Stimulation  by 
acoustic  pulses  may  also  occur. 

Naval  interest  in  bioluminescence  stems  from  incidents 
such  as  the  one  quoted  from  Tarasov.  If  .such  happenings 
would  occur  often,  an  obvious  need  would  exist  to  under¬ 
stand  the  probability  of  that  occurrence.  However,  marine 
bioluminescence  is  not  usually  sufficiently  intense  to  be 
seen  by  the  human  eye.  Therefore,  serious  study  was 


believed  to  be  unnecessary  until  the  1970s.  At  that  time 
the  National  Marine  Fisheries  Service,  using  "starlight 
scope"  technology  developed  for  use  in  Vietnam, 
developed  an  airborne  low  light-level,  image-intensifying 
TV  camera  system  (LLLII)  for  spotting  fish  schools  mov 
ing  at  night  (Roithmayr.  1970).  The  motion  of  the  fish 
through  water  containing  luminous  organisms  would 
stimulate  them  to  emit  light,  which  could  then  be  detected 
by  the  LLLII  and  used  to  locate  and  entrap  the  school. 
This  system  was  capable  of  intensifying  light  too  dim  to 
be  seen  by  eye  until  it  could  easily  be  seen  on  a  TV  screen. 
Suddenly,  a  means  of  detecting  remote  objects  moving 
in  the  water  at  night  was  available,  and  the  Navy  became 
interested  in  bioluminescence.  However,  many  questions 
remained  to  be  answered. 

Discussion 

Distribution 

NORDA's  present  bioluminescence  research  program 
began  in  1973  at  the  Naval  Research  Laboratory  (NRL). 
The  program  was  transferred  to  NORDA  in  19H3  upon 
the  closing  of  NRL's  Environmental  Sciences  Division. 
NORDA's  initial  program  goal  was  to  study  the  seasonal 
and  geographic  distribution  of  bioluminescence  and  attempt 
to  correlate  that  distribution  with  physical  and  chemical 
parameters  in  the  ocean.  To  do  this,  a  literature  survey 
and  a  series  of  research  cruises  were  instituted.  The  Seventh 
Fleet  also  assisted  by  observing  bioluminescence  in  its 
operating  areas,  primarily  the  Arabian  Sea,  for  several 
years. 

The  major  result  of  this  work  has  been  the  publication 
of  a  series  of  articles,  reports,  and  atlases  establishing  the 
ubiquitous  occurrence  of  bioluminescence,  suggesting  the 
predominant  luminous  organisms,  and  estimating  the  prob¬ 
ability  of  encountering  surface  bioluminescence  of  given 
intensity  levels  (Figs.  2  and  3).  Individual  encounters  with 
bioluminescence  occurrences  in  the  Indian  Ocean  are 
shown  for  the  different  quarters  of  the  year,  each  of  which 
roughly  corresponds  to  a  season  (Fig.  2).  Estimates  of  the 
probability  of  encountering  bioluminescence  in  the  Indian 
Ocean  in  July-September  are  shown  in  Figure  3.  Similar 
maps  have  been  prepared  for  all  the  oceans  of  the  world 
and  all  yearly  quarters.  This  work  continues  and  updates 
the  pioneering  work  of  R.  F.  Staples  (19W^)  of  the  U.S. 
Naval  Oceanographic  Office  (NAVOCEANO)  and  R.  J. 
Turner  (1963)  of  the  National  Institute  of  Oceanography. 
The  conclusion  to  be  drawn  from  these  works  is  that  on 
a  large  scale,  some  level  of  bioluminescence  activity  will 
be  encountered  anywhere  in  the  ocean  anytime  at  night. 
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Figure  J.  Frequency  of  biolurninescence  encounters  in  the 
western  Pacific  and  Indian  Ocean.  July  through  September 
(from  Lynch,  I9S1). 

Bioluminescence  also  occurs  at  all  times  of  day.  Dur 
ing  daylight,  however,  many  luminous  organisms  migrate 
downward  and  form  layers  along  particular  isolumes,  each 
species  having  its  own  preferred  intensity.  Other 
organisms— notably  photosynthetic  dinoflagellates— are 
photically  inhibited:  that  is,  the  light  suppresses  activity 
of  luciferose,  the  enzyme  that  catalyzes  the  luminescence 
reaction,  so  that  light  emission  will  occur  only  very  weakly 
and  under  extremely  high  levels  of  stimulation.  Still  other 
organisms  neither  migrate  nor  become  inhibited,  but  ex 
hibit  the  same  luminous  behavior  both  day  and  night. 
Therefore,  luminous  activity  continues  through  the  day. 
but  with  a  very  different  vertical  distribution  from  that 
of  night.  Even  if  the  activity  near  the  surface  were  the 


same  in  day  and  night,  sunlight  (even  through  heavy 
clouds)  is  so  much  more  intense  than  bioluminescence  that 
the  bioluminescence  signal  is  completely  masked.  The 
human  eye,  adapted  to  (relatively)  strong  sunlight,  can¬ 
not  detect  the  (relatively)  weak  bioluminescence  signal, 
and  instruments  designed  to  measure  bioluminescence 
saturate  unless  they  are  heavily  shielded  or  lowered  to 
depths  where  the  sunlight  is  dim  (around  70  m).  Until 
recently,  daytime  bioluminescence  was  not  thought  to  be 
of  naval  interest.  Thus,  all  of  the  observations  cited  in 
the  reports  were  made  at  night  and  the  statistics  developed 
assume  night  conditions.  (In  fact,  of  the  thousands  of  obser 
vations  examined,  fewer  than  a  dozen  were  made  during 
the  day,  more  than  half  of  those  since  the  last  report  was 
published.) 

In  addition  to  supporting  the  above  conclusion,  the 
observations  of  the  Seventh  Fleet  in  the  Arabian  Sea  have 
been  particularly  useful  in  scrutinizing  theories  on  the 
origins  of  luminous  displays.  Several  theories  on  the  causes 
of  these  displays  have  been  advanced  without  supporting 
experimental  evidence.  Although  inability  to  perform 
specialized  scientific  measurements  has  prevented  testing 
some  of  the  theories,  the  normal  meteorological  and 
oceanographic  observations  made  by  the  Fleet  have  been 
sufficient  to  discredit  others,  thereby  reducing  the  confu¬ 
sion  and  controversy  over  these  phenomena. 

The  fact  that  bioluminescence  is  ubiquitous  still  does 
not  mean  that  it  is  useful  to  the  Navy.  Successful  remote 
sensing  of  bioluminescence  depends  upon  both  the  strength 
of  the  initial  signal  and  its  penetration  distance  through 
the  water  and  atmosphere.  Signal  penetration  distance  is 
dependent  on  scattering  and  absorption.  In  the  atmosphere 
this  is  not  considered  a  problem  except  when  clouds  arc 
present.  Thus,  airborne  remote  sensing  must  be  ac¬ 
complished  below  cloud  cover. 

In  the  water,  however,  scattering  and  absorption  are 
critical  concerns.  These  concerns  are  related  to  particulate 
matter  in  the  ocean;  the  presence  of  many  particulates 
causes  decrea.sed  penetration.  Conversely,  high  particulate 
concentrations  are  frequently  asstKiated  with  high  signal 
levels,  since  luminous  organisms  form  some  proptirtion 
of  the  particulate  mass.  Horizontally,  particulate  concen¬ 
trations  can  change  quite  abruptly  on  a  small  scale,  a 
phenomenon  known  as  patchiness.  Vertically,  particulate 
concentrations  also  can  change  radically  within  a  few 
meters.  Organisms  are  known  to  form  layers  in  daytime. 
These  layers  are  known  as  deep  scattering  layers  iK-causc’ 
they  can  be  detected  with  an  acoustic  signal. 

Different  acoustic  frequencies  can  be  used  to  detect  dif 
ferent  size  classi-s  of  organisms.  During  the  day  the  layers 
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are  well  defined,  their  positions  determined  by  the  physical 
and  chemical  parameters  of  the  water.  For  many  luminous 
organisms,  the  forcing  function  is  the  intensity  of 
penetrating  sunlight;  particular  species  like  to  remain  close 
to  particular  isolumes.  At  night,  however,  the  deep  scat¬ 
tering  layers  rise  toward  the  surface  and  diffuse.  Layering 
nevertheless  continues  to  occur,  driven  by  as-yet  undeter¬ 
mined  parameters,  and  can  be  detected  by  nonacoustic 
means.  For  example,  Soviet  scientists  (Gitel'zon  et  al., 
1967)  first  suggested  layering  of  bioluminescence  in  con¬ 
nection  with  the  thermocline.  This  layering  has  been  con¬ 
firmed  in  joint  research  by  NORDA.  the  Naval  Ocean 
Systems  Center  (NOSC),  and  NAVOCEANO.  Further¬ 
more,  NORDA.  NOSC.  and  NAVOCEANO  have 
established  that  small-scale  bioluminescence  maxima  oc¬ 
cur  in  conjunction  with  thermal  fronts  or  boundary  layers, 
the  horizontal  equivalents  of  the  thermocline.  In  one  in¬ 
stance  a  f'-ont  has  been  detected  with  an  airborne  LLLII. 
However,  the  correlation  between  bioluminescence  and 
temperature  gradients  is  not  perfect.  The  research  effort 
at  NORDA  is  currently  being  redirected  from  large-scale 
geographic  and  seasonal  studies  of  bioluminescence 
distribution  to  studies  of  patchiness  and  vertical  distribu¬ 
tion.  The  approach  taken  is  to  conduct  joint  ship-air  ex¬ 
ercises  to  correlate  remotely  sensed  data  with  in  situ 
measurements,  and  to  u,se  manned  submersible  platforms 
to  correlate  direct  eye  observations  with  instrumental 
measurements,  both  approaches  pioneered  by  NORDA 
and  NOSC.  If  the  Navy  is  to  make  full  use  of 
bioluminescence,  these  small-scale,  short-term  variations 
must  be  understood. 

In  addition  to  the  established  correlation  between 
bioluminescence  and  temperature  gradients,  correlations 
with  many  other  chemical  and  physical  parameters  have 
been  suggested.  On  a  small  scale,  no  other  correlations 
appear  to  hold  true  consistently.  On  a  large  scale,  a  cor¬ 
relation  with  chlorophyll  fluorescence  (which  indicates  the 
presence  of  phytoplankton)  appears  promising.  Further 
research  is  required  to  establish  this  correlation  definitively, 
to  determine  the  scale  at  which  it  breaks  down,  and  to 
understand  why. 

Stimulation 

Some  problems  with  biolumine.scence  di.stribution  .studies 
are  the  time  and  expense  involved  in  .shipborne  surveys. 
Aerial  coverage  could  be  increa.sed  and  short-term  varia¬ 
tions  monitored  rapidly  if  remote  sensing  techniques  could 
be  used.  Airborne  LLLlI's  for  this  purpose  exist,  but  with 
a  major  drawback,  namely,  that  if  an  overflown  area  ex¬ 
hibits  no  bioluminescence,  it  is  not  possible  to  distinguish 


whether  this  is  due  to  a  lack  of  luminous  organisms  or 
a  lack  of  sources  of  stimulation  such  as  fish  schools  or 
breaking  waves,  since  mo.st  bght  is  emitted  only  by  stimula¬ 
tion.  Furthermore,  if  light  is  detected,  its  appearance 
reflects  a  combination  of  the  distribution  of  stimuli  and 
the  distribution  of  luminous  organisms  rather  than  the 
latter  alone.  To  overcome  this  statistical  problem,  a  source 
of  remote  stimulation  must  be  developed. 

A  laser  is  an  attractive  potential  stimulus  source.  Not 
only  can  it  be  used  from  long  distances,  but  also  it  involves 
no  expendables  and  is,  therefore,  relatively  inexpensive 
to  operate.  Furthermore,  some  luminous  planktonic  orga¬ 
nisms  are  known  to  respond  to  flashes  of  light.  Finally, 
one  naval  program  is  attempting  to  develop  a  laser  system 
for  communications  purposes.  Therefore,  investigations 
into  stimulating  bioluminescence  by  using  lasers  could 
affect  other  strategic  naval  research. 

The  laser  chosen  for  experimental  use  was  a  pulsed  blue- 
green  dye  laser  with  a  pulse  energy  of  up  to  2  Joules, 
pulse  width  of  1  microsec.  repetition  rate  of  1  pulse/sec. 
beam  diameter  of  '  2  mm,  and  beam  divergence  of  1  mrad. 
The  dye  was  Rhodamine  6G,  with  an  optimum  lasing 
wavelength  of  586  nm.  A  gated  photomultiplier  tube  was 
used  to  detect  the  light  emission  and  the  dinoflagellate 
Pyrocystis  lunula,  an  organism  not  known  to  be  stimulated 
by  light,  was  chosen  as  the  test  subject.  The  laser  was 
pulsed  and  the  photomultiplier  tube  gated  to  avoid  satura¬ 
tion  of  the  tube  by  the  pulse  (Hickman  and  Lynch.  1981). 
The  experimental  arrangement  is  shown  in  Figure  4  and 
the  result  in  Figure  5.  As  can  be  seen,  a  well-defined  pulse 
follows  the  stimulus.  Remaining  work  involves  establishing 
the  threshold  and  action  spectrum,  testing  other  orga¬ 
nisms  for  their  response,  and  testing  the  effectiveness 
of  other  lasers  with  greater  potential  for  flight  than  the 


Figure  4  Schematic  diagram  of  laser  induced  hioluminescence 
experimental  set  up  [from  Hickman  et  al.,  I9F3l 
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Figure  5.  Typical  laser- induced  bioluminescence  response 
(from  Hickman  et  al.,  1983). 

dye  laser.  The  laser  also  has  potential  as  a  probe  into  the 
microstructure  of  the  dinoflagellate  cell  because  it  can  be 
focused  to  an  extremely  small  diameter.  Because  the  time 
between  the  stimulus  and  the  emission  maximum  is 
dependent  upon  the  ambient  temperature,  this  stimula¬ 
tion  technique  may  be  used  to  determine  water  tempera¬ 
ture  to  ±0.5“C  (Hickman  et  al.,  1983).  Finally,  timegating 
the  response  may  provide  some  data  on  the  depth  distribu¬ 
tion  of  bioluminescence. 

Because  dinoflagellates  are  not  known  to  emit  light  in 
response  to  weak  light  pulses,  it  has  been  suggested  that 
the  response  to  a  laser  pulse  is  due,  not  to  the  light  itself, 
but  to  some  side  effect  of  the  light— most  likely  a 
photoacoustic  effect.  If  an  intense  beam  of  light  strikes 
water,  an  acoustic  signal  is  generated.  Field  reports  of 
bioluminescence  stimulated  by  acoustic  signals  have  been 
received,  but  the  effect  has  so  far  not  been  duplicated  in 
the  laboratory.  Visual  observation  of  the  bioluminescent 
response  of  P.  lunula  to  a  laser  pulse  shows  that  only 
those  organisms  directly  in  the  light  path  are  stimulated 
(Hickman  et  al.,  1984).  From  measurements  of  the  prop¬ 
agation  distance  of  the  stimulus  normal  to  the  light  beam, 
it  can  be  calculated  that,  if  a  photoacoustic  effect  is  the 
cause  of  stimulation,  it  must  have  a  frequency  un  the  order 
of  13  to  20  MHz.  This  corresponds  to  a  wavelength  of 
approximately  the  same  size  as  the  diameter  of  the 
dinoflagellates  and  .suggests  a  resonance  effect  as  the  im 
mediate  stimulus.  This  further  suggests  that  other 
luminous  organisms  would  have  their  own  characteristic 
resonance  frequencies  and  that  the  failure  of  the  laboratory 
experiments  to  date  is  due  to  improperly  selecting  a  test 
organism  for  the  frequencies  used  (up  to  1<X)  kHz). 


An  acoustic  signal  in  water  is  no  more  than  a  series 
of  pressure  pulses.  The  results  of  an  experiment  to 
stimulate  bioluminescence  in  P.  lunula  using  a  small 
pressure  pulse  are  shown  in  Figure  6.  This  work  was  done 
with  students  at  the  Naval  Postgraduate  School.  Pressure 
decreases  were  found  to  be  much  more  effective  than 
pressure  increases.  Further  work  with  students  at  the  Naval 
Academy  established  that  the  rate  of  decrease  rather  than 
the  magnitude  was  the  stimulus,  and  a  threshold  of  about 
0.25  atm  sec“'  was  established  (Holderied,  1984).  The 
same  experiments  were  performed  with  Gonyaulax 
polyedra,  another  dinoflagellate  iHth  a  greatly  different 
morphology.  Pressure  changes  were  much  less  effective 
on  G.  polyedra^  with  rates  >0.95  atm  sec“^  required 
for  stimulation,  and  pressure  increases  and  decreases  were 
almost  equally  effective  (Donaldson  et  al.,  1983).  These 
differences  may  be  used  to  understand  the  approximate 
cause  of  mechanical  stimulation  (shear,  turbulence,  ac¬ 
celeration,  velocity,  or  some  other  factor),  which  is  present¬ 
ly  difficult  to  determine  because  of  difficulty  in  designing 
an  experiment  that  adequately  isolates  the  possible  factors. 

Chemical  quenching 

In  the  laboratory,  chemicals  are  frequently  used  to 
stimulate  bioluminescence.  Conversely,  chemicals  can  be 
used  to  quench,  wholly  or  partially,  the  bioluminescence 
reaction.  It  has  been  hypothesized  that  bioluminescence 
generated  by  moving  ships  could  be  masked  in  this  way. 
To  test  this  hypothesis  a  methodology  to  evaluate 
chemicals  for  their  ability  to  suppress  bioluminescence  in 
a  marine  environment  in  a  minimal  contact  time  was 
developed. 

The  test  organism  chosen  was  again  P.  lunula,  which 
is  widely  distributed  in  the  oceans,  produces  a  large  amount 


Figure  6  Responses  of  P  lunula  to  pressure  changes  {from 
Donaldson  et  al .  I983i 


Biol  umi  nescence 


of  light  upon  stimulation  in  laboratory  conditions,  is  easi¬ 
ly  handled  and  maintained,  and  reacts  quickly  to  a  wide 
variety  of  chemicals.  The  assay  procedure  consists  of  adding 
an  aliquot  of  samples  to  a  vial  containing  a  fixed,  predeter¬ 
mined  number  of  P.  lunula  cells,  stirring  vigorously  for 
a  short  time  in  a  small  photometer  apparatus,  and  recording 
the  photomultiplier  output  with  a  strip  chart  recorder  set 
in  exponential  mode.  Quenching  of  bioluminescence  is 
calculated  as  light  output  of  the  treated  vial  at  a  given 
time  divided  by  light  output  of  one  identical  control  vial 
(to  which  an  aliquot  of  sample  was  not  added  at  the  .same 
time)  and  expressed  as  percent  inhibition. 

Using  this  assay,  a  number  of  compounds  have  been 
found  effective  in  quenching  bioluminescence.  Among 
these  is  the  class  of  compounds  known  as  mycotoxins  or 
tricothecenes.  Produced  by  molds  of  the  genera  Fusarium 
and  Stachybotrys.  common  contaminants  of  stored  grains, 
these  compounds  are  widely  believed  to  be  the  active  com¬ 
ponents  in  “yellow  rain,"  the  term  given  to  the  unknown 
mixture  reputedly  used  by  the  Soviets  in  Southeast  Asia 
in  chemical  warfare  against  dissident  villages.  Some  40 
or  50  tricothecenes,  differing  from  one  another  in  struc¬ 
ture  and  toxicity,  have  been  isoiatexf.  They  act  by  inhibiting 
protein  synthesis  and  are  difficult  to  as.say  by  conventional 
immunological  techniques.  However,  all  the  tricothecenes 
te.sted  (obtained  through  the  University  of  Maryland) 
exhibited  unique  quenching  kinetics  (Fig,  7).  Using  the 
bioluminescence  assay,  the  presence  of  very  small  quan¬ 
tities  of  toxin  could  be  established  in  minutes.  Further¬ 
more.  the  uniqueness  of  each  curve  could  potentially  be 
used  as  a  diagnostic  for  each  toxin;  T-2  toxin,  the  most 
toxic  of  all,  could  be  detected  in  quantitative  as  low  as 
250  nanograms  per  ml,  approximately  one  order  of 
magnitude  lower  than  the  minimum  detectable  by  the  im¬ 
munological  assays,  which  require  hours  rather  than 
minutes  to  perform. 
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Fij^ure  7.  Dose  response  of  selected  tricothecenes  as  measured 
by  hioluminescence  assay. 


The  bioluminescence  a.ssay  has  btx;n  u.sed  to  test  the 
stability  of  tricothexenes  in  contact  with  biological  material. 
Stored  in  solutions  in  gla.ss  containers,  or  dry.  tricothecenes 
exhibit  great  stability  and  show  little  or  no  degradation 
over  periods  of  weeks.  However,  when  exposed  to 
biologically  active  material  (such  as  leaves),  all  traces  of 
activity  disappear  within  a  few  days,  as  measured  by  this 
assay.  These  results  have  been  confirmed  using  gas 
chromatography.  Thus,  one  cannot  expext  to  find  any 
traces  of  tricothecenes  on  vegetation  samples  removed  from 
Southeast  Asia,  since  weeks  will  have  elapsed  between  the 
reported  contact  with  “yellow  rain”  and  the  analysis,  and 
the  controversy  of  Soviet  u.se  of  chemical  warfare  cannot 
be  re.solved  by  this  means. 

Another  class  of  compounds  active  in  quenching 
bioluminescence  activity  is  a  group  of  neoplastic  agents. 
These  anticarcinogenic  compounds  are  effective  against 
various  forms  of  cancer,  especially  leukemia.  Preliminary 
testing  has  shown  that  compounds  effective  against  cancer 
quench  bioluminescence,  while  related  ineffective  com¬ 
pounds  do  not.  The  test  compounds  have  been  supplied 
by  the  Charles  Pfizer  Pharmaceutical  Company.  These 
results  suggest  a  possible  rapid  screening  technique  for 
anticarcinogenic  compounds  that  will  reduce  the  need  for 
animal  testing. 

One  drawback  to  the  use  of  the  bioluminescence  assay 
for  identifying  various  chemicals  is  its  lack  of  specificity. 
While  this  would  not  be  a  problem  in  screening  anticar¬ 
cinogenic  agents,  it  would  be  a  problem  in  identifying  com¬ 
ponents  of  a  chemical  mixture  that  might  be  used  in 
chemical  warfare  or  found  in  contaminated  grain. 
However,  various  techniques  for  separating  the  com¬ 
ponents  of  mixtures  exist.  One  that  may  be  particularly 
well  suited  for  use  with  a  bioluminescence  assay  is  two- 
dimensional,  thin-layer  chromotography  (TLC),  coupled 
with  bioautography.  By  the  proper  choice  of  eluting 
solvents,  TLC  can  effectively  resolve  complex  mixtures 
of  closely  related  compounds  by  “mapping”  their  spot 
positions  after  treatment.  Such  mapping  is  normally  a  slow 
procedure  becau.se  each  spot  must  be  analyzed  separate¬ 
ly.  However,  the  entire  map  can  be  analyzed  at  once  using 
bioluminescence  and  bioautography.  A  layer  of  luminous 
dinoflagellates  can  be  placed  between  the  TLC  map  and 
a  plate  of  film,  in  direct  contact  with  both,  then  stimulated. 
After  development,  dark  sptits  on  the  film  can  be  identified 
by  density  analysis.  These  dark  spots  will  correspond  to 
those  points  where  biolumine.scence  was  quenched,  and 
the  degree  of  darkness  will  correspond  to  the  amount  of 
quenching.  Thus,  mixtures  of  compounds  can  be  quickly 
separated  and  resolved. 
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The  success  of  such  a  technique  requires  immobilization 
of  the  dinoflagellates.  NORDA  has  developed  a  technique 
for  immobilizing  dinoflagellates  for  up  to  five  weeks  on 
solid  medium.  This  technique,  coupled  with  laser  stimula¬ 
tion,  has  additional  applications  in  basic  research  on  cell 
structure  and  response  characteristics,  because  it  allows 
manipulation  of  individual  cells  without  complex  and  ex¬ 
pensive  handling  apparatus.  It  is  also  potentially  possible 
to  substitute  luminous  bacteria  for  luminous  dinoflagellates. 
Bacteria  can  be  stored  and  transported  more  easily  than 
dinoflagellates  because  they  can  be  freeze-dried  without 
harm,  but  the  different  reactions  of  different  genetic  strains 
to  identical  stimuli  lead  to  problems  with  specificity  and 
sensitivity  unless  several  strains  are  used  simultaneously. 
Although  preliminary  experiments  with  barteria  have  been 
successful,  much  work  remains  to  be  done. 

Now  let  us  return  for  a  moment  to  the  original  im¬ 
petus  for  these  investigations,  namely,  suppression  of 
bioluminescence  ship  signatures  through  quenching. 
Although  a  number  of  chemicals  are  effective  in  various 
degrees  in  quenching  bioluminescence  in  dinoflagellates, 
a  literature  survey  shows  that  chemicals  effective  against 
some  organisms  will  aaually  stimulate  others  to  increased 
light  production.  Since  sea  water  contains  a  mixture  of 
organisms,  it  seems  unlikely  that  chemicals  will  be  effective 
in  practical  quantities  against  all  organisms  present.  Thus 
it  seems  unlikely  that  the  original  goals  will  be  achieved. 
However,  the  possibilities  of  chemical  bioluminescence 
assays,  which  spun  off  from  the  initial  work,  appear  ex¬ 
tremely  promising  and  worthwhile. 

Instrumentation 

One  final  area  of  research  concerns  instrumentation  im¬ 
provements.  The  present  LLLlIs  use  technology  that  is 
more  than  ten  years  old.  Developments  during  that  time  in 
low-light-level  technology  have  greatly  surpassed  their  capa¬ 
bility.  Furthermore,  the  LLLII  is  degraded  by  certain  envi¬ 
ronmental  conditions,  such  as  bright  light  sources  that 
saturate  the  tube  in  a  manner  similar  to  that  of  the  la,ser 
already  described.  Research  efforts  are  underway  to  over¬ 
come  these  limitations  and  to  determine  and  utilize  the 
most  effective  of  modern  technology  for  remotely  .sensing 
bioluminescence.  Efforts  are  aLso  being  made  in  the  area  of 
image  processing  to  enhance  the  effectiveness  of  the  LLLII 
in  the  field.  Finally,  research  is  underway  to  determine  the 
possibility  of  detecting  bioluminescence  from  space.  Two 
space  detection  experiments  have  been  mounted  by  other 
laboratories,  one  of  which  produced  an  image  showing 
light  in  the  .sea  for  which  all  explanations  other  than 
bioluminescence  can  be  eliminated.  However,  a  lack  of 


sea  truth  prevents  unequivocable  identification  of  the  light. 
A  ship/aircraft/shuttle  experiment  is  in  the  planning  stages 
to  resolve  the  question  conclusively. 

This  research  leads  directly  into  NORDA "s  biolumines¬ 
cence  applications  programs. 
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Environmental  Influences  on  Cavitation 

Dennis  M.  Lavoie 
Oceanography  Division 


As  the  technology  of  acoustic  detection  and  signature 
identification  becomes  more  sensitive,  the  cavitation 
characteristics  of  submarine  propellers  increase  in  impor¬ 
tance.  Unfortunately  for  the  design  engineer,  the  cavita¬ 
tion  characteristics  as  determined  from  calculations  and 
from  scale  model  tests  do  not  always  seem  to  hold  when 
the  full-scale  propeller  is  put  into  service. 

One  clue  to  the  problem  is  that  for  any  given  submarine, 
propeller  cavitation  is  not  a  constant  but,  instead,  seems 
to  vary  with  the  water  mass  in  which  the  submarine  is 
operating.  From  the  data  available  before  this  study,  it 
appears  that  the  cavitation  of  submarine  propellers  in 
oligotrophic  waters  has  less  variation  than  in  more  pro¬ 
ductive  waters.  Evidently,  some  factor  or  factors  in  the 
seawater  environment  are  affecting  the  way  cavitation  oc¬ 
curs  on  the  propeller.  This  phenomenon  is  not  surpris¬ 
ing,  given  the  results  of  previous  theoretical  and  experimen¬ 
tal  studies  of  cavitation,  but  these  studies  have  not 
definitively  identified  the  cause  of  cavitation  in  natural 
bodies  of  water.  Thus,  the  question  remains,  “What  fac¬ 
tors  in  the  real  environment,  as  opposed  to  the  test  tank, 
are  responsible?” 

To  study  the  problem  in  a  systematic  way  (and  to 
eliminate  the  need  for  a  submarine  in  the  study),  a  probe 
has  been  developed  by  NORDA  that  can  cause  cavita¬ 
tion  in  seawater  reproducibly  and  under  controlled  con¬ 
ditions  without  the  complications  of  wall  effects.  For  the 


first  time,  we  can  measure  the  cavitation  potential  of 
various  water  masses  in  situ  to  determine  cavitation 
variability  with  depth  and  with  region.  With  this  ability, 
we  can  now  gather  concurrent  measurements  on  en¬ 
vironmental  parameters  that  are  likely  to  be  influencing 
the  cavitation  in  some  way,  i.e.,  the  concentration  of 
microbubbles;  the  concentration  and  size  distribution  of 
suspended  particulates;  the  concentration  of  organic 
material,  both  dissolved  and  particulate;  the  concentra¬ 
tion  of  surfactant  compounds;  the  concentration  of  dis¬ 
solved  gases,  such  as  oxygen;  the  amount  of  biological 
activity  in  the  water  column,  which  is  estimated  by  the 
concentration  of  chlorophyll  a;  and  the  temperature  and 
salinity  of  the  water. 

Working  jointly  with  the  David  Taylor  Naval  Ship 
Research  and  Development  Center,  NORDA  is  in  the  j.  roc- 
ess  of  conducting  several  cruises  to  make  these  measure¬ 
ments  in  several  different  oceanic  regions,  including  the 
Gulf  of  Mexico;  the  subtropical,  the  western,  and  the 
northern  regions  of  the  North  Atlantic;  and  the  Greenland 
Sea.  We  are  also  building  a  unique  data  ba.se  from  which 
we  hope  to  deduce  those  environmental  factors  influenc¬ 
ing  cavitation  in  the  ocean.  With  a  better  understanding 
of  how  the  environment  affects  the  acoustic  character  of 
his  craft,  the  submarine  commander  may  improve  his  tac¬ 
tical  advantage,  and  the  engineer  may  be  able  to  design 
quieter,  more  efficient  propellers. 
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Discussion 

Geological  background  noise  is  the  largest  environmental 
noise  source  affecting  Magnetic  Anomaly  Detection 
(MAD)  operations.  The  term,  “geological  noise,”  is  ap¬ 
plied  to  noise  that  has  as  its  source  naturally  occurring 
magnetic  anomalies,  which  are  caused  by  magnetic  material 
present  in  the  earth’s  crust. 

When  this  noise  appears  on  the  MAD  trace,  the  iden¬ 
tification  of  target  MAD  signals  is  extremely  difficult,  if 
not  impossible,  in  certain  antisubmarine  warfare  operating 
areas.  Therefore,  MAD  performance  is  seriously  impaired 
in  areas  of  moderate-to-high  geological  noise. 

The  approach  taken  for  reducing  the  effeas  of  geological 
noise  was  to  alter  the  standard  MAD  bandpass  filter  so 
that  moderate  to  high  geological  noise  could  be  selective¬ 
ly  filtered.  Our  initial  efforts  were  directed  toward 
theoretical  studies  and  computer-generated  modeling.  Elec¬ 
tronic  filter  specifications  were  prepared  from  the 
mathematical  filter  models,  and  14  electronic  units  were 
construaed  for  installation  aboard  P-3  aircraft.  These  units 


were  independently  tested  against  the  standard  filter  by 
the  fleet  P-3  community. 

At  the  test  conclusion,  all  the  participants  involved  in 
the  test  and  evaluation  program  concluded  that  the  elec¬ 
tronic  environmental  filter  (EEF)  tests  demonstrated  that 
an  improved  signal-to-noise  ratio  can  be  achieved  in  ASW 
operating  areas  where  moderate  to  high  geological  noise 
is  present.  Typical  data  showed  that  the  standard  filter 
trace  was  continuously  saturated,  because  the  geological 
background  noise  was  high  and  no  target  signals  could 
be  identified.  In  contrast,  the  EEF  trace  clearly  identified 
each  target  signal,  since  most  of  the  geological  noise  was 
suppressed  on  this  trace. 

Commander.  Patrol  Wings  Pacific,  summarized  all  the 
participating  squadron  reports  to  the  Commander.  Naval 
Air  Pacific,  and  recommended  incorporating  the  EEF  in 
P-3  configuration,  and  also  stated  that  the  EEF  would  be 
a  valuable  asset  to  ASW  capabilities.  This  recommenda¬ 
tion  was  endorsed  by  Commander.  Naval  Air  Pacific,  and 
forwarded  to  the  Commander,  Naval  Air  Systems  Com¬ 
mand  for  action. 
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Optical  Character  Recognition 

Charles  L.  Walker 

Mapping.  Charting,  and  Geodesy  Division 

Abstract 

The  Optical  Character  Recognition  task  developed  procedures  for  the  com¬ 
puter  recognition  of  handprinted  numerical  and  alphabetical  characters.  The  ef¬ 
fort  concentrated  on  digitizing  numeric  handprinted  soundings  on  hydrographic 
smooth  sheets.  Based  on  a  limited  set  of  individual  recognizable  numerals  scanned 
from  smooth  sheets,  the  algorithms  achieved  an  accuracy  of  99.7%  and  an  effi¬ 
ciency  of  96%.  Preliminary  results  were  obtained  for  handprinted  capital  letters. 


Introduction 

The  Optical  Character  Recognition  (OCR)  task  spon¬ 
sored  by  the  Defense  Mapping  Agency  investigated  and 
developed  techniques  to  provide  for  the  automatic  com¬ 
puter  recognition  of  handprinted  mapping  and  charting 
symbols,  particularly  numerals  and  alphabetic  characters. 
A  software  system  was  developed  for  recognizing  numerals 
at  a  high  degree  of  accuracy  and  with  high  efficiency  for 
individual  numerals.  Algorithms  were  incorporated  into 
the  Raster  Scan  Charaaer  Recognition  (RSCR)  System  with 
the  objective  of  digitizing  archival  hydrographic  smooth 
sheets.  Further  work  was  done  on  recognizing  free  form, 
unconstrained,  handprinted  alphabetic  characters. 

Digitizing  handprinted  bathymetric  soundings  on 
hydrographic  smooth  sheets  received  the  greatest  atten¬ 
tion  and  serves  as  a  typical  example.  A  smooth  sheet  is 
the  basic  result  of  a  hydrographic  bathymetry  survey  and 
consists  of  numerous  corrected  soundings  written  on  a 
particular  map  projection  base  with  each  sounding  in  its 
proper  geographic  (latitude-longitude)  position.  The  digitiza¬ 
tion  of  this  manuscript  must  capture  the  value  (depth)  of 
the  handprinted  soundings,  as  well  as  their  preci.se  loca¬ 
tions.  The  sounding  orientation  is  arbitrary,  and  style  and 
authorship  can  vary. 

Smooth  sheets  have  historically  contained  the  .source 
bathymetric  data  used  for  producing  nautical  charts. 
Typically,  these  smooth  sheets  have  been  produced  by  the 
Navy  (Naval  Oceanographic  Office  surveys)  and  given  to 
DMA  for  chart  production  in  response  to  Navy  re¬ 
quirements  for  mapping,  charting,  and  geodesy  products. 
Work  is  underway  to  completely  digitize  the  data  collec 
tion  process  so  that  bathymetric  soundings  are  produced 


in  a  digital  form  with  the  smooth  sheet  being  a  machine¬ 
generated  proof  sheet.  The  motivation  for  digitizing  ex¬ 
isting  archived  smooth  sheets  is  to  make  past  nondigital 
survey  data  available  in  a  digital  hydrographic  bathymetry 
data  base. 

Analyzing  the  problem  of  digitizing  handwritten,  free 
form  material  for  DMA  led  to  partitioning  the  effort  into 
a  few  distinct  tasks:  document  handling,  preprocessing 
(thinning),  recognition,  and  composition. 

Discussion 

The  document -handling  tasks  involve  optically  sca^'ining 
the  original  source  to  produce  a  digitally  coded  tape  of 
the  black  and  white  areas.  This  tape  is  input  to  the  soft¬ 
ware  system,  which  decodes  the  tape  and  isolates  conneaed 
black  areas  which  are  potential  characters.  Very  large  and 
very  small  areas  corresponding  to  contours  on  shorelines 
or  to  dirt  spots  are  eliminated  in  this  .section  of  the  code. 
The  isolated  candidate  characters  are  then  passed  to  a 
preproces.sor.  which  thins  the  image  into  a  set  of  connected 
vector-like  points. 

The  preproces.sor  or  thinning  algorithms  were  found 
to  be  crucial  for  high  accuracy  and  efficiency.  The  basic 
model  used  in  recognition  was  based  on  the  concept  that 
a  character  is  composed  of  strokes;  each  stroke  is  the 
"centerline"  of  the  pen  being  used,  and  that  all  of  the 
information  on  the  identity  of  the  symbol  is  contained 
in  the  form  and  relationships  of  the  strokes.  Thus,  we 
are  led  to  the  concept  of  a  pen  model  that  gives  a  finite 
width  to  the  strokes.  In  common  with  many  other  recogni¬ 
tion  systems,  the  Medial  Axis  Tran.sformation  (MAT)  was 
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used  for  thinning  to  generate  stroke  information.  However, 
it  was  discovered  that  many  problems  were  encountered 
using  the  MAT  such  that  a  new  concept  called  “unthin- 
nable  regions”  was  developed  to  extract  stroke  informa¬ 
tion.  Using  the  unthinnable  regions  concept  allowed  the 
generation  of  ‘‘stick  figures”  with  few  artifacts  and  even 
allowed  filled  in  regions  of  8s,  6s,  4s,  and  9s  to  be  prop¬ 
erly  thinned. 

The  features  extracted  for  character  recognition  were 
primarily  the  topological  properties  of  the  smoothed  stick 
figures.  Basic  features  are  the  numbers  of  segments, 
numbers  of  enclosed  regions,  and  numbers  and  types  of 
branch  points.  Further  measures  were  made  on  individual 
segments  by  joining  the  end  points  with  an  axis.  Various 
axis  crossings,  as  well  as  a  maxima  and  minima  relative 
to  the  axis,  were  categorized.  To  analyze  the  feature 
measures  and  to  partition  the  feature  space,  a  binary  deci¬ 
sion  tree  was  used.  Because  misidentification  is  costly  (e.g. 
calling  a  9  a  4),  it  was  insufficient  merely  to  partition  the 
feature  space  and  make  a  hard  decision  for  most  charaaers. 
Normally,  after  a  character  has  been  classified  into  only 
one  possible  class,  further  quality  control  checks  are  made. 
If  these  checks  are  not  passed,  the  character  is  rejected 
and  assigned  to  the  unrecognizable  class.  Efficiency  is  the 
measure  of  the  proportion  of  recognizable  characters  not 
rejected.  Accuracy  is  the  proportion  of  the  characters  not 
rejected  and  correctly  classified.  Based  on  a  limited  set 
of  individual  recognizable  characters  scanned  from  smooth 
sheets,  the  algorithms  achieved  an  accuracy  of  99.7  %  and 
an  efficiency  of  96%. 

A  major  problem  area  that  arose  in  correctly  identify¬ 
ing  soundings  on  smooth  sheets  was  the  occurrence  of 
connected  and  broken  characters.  Connected  characters 
occur  when  two  or  more  adjacent  numerals  touch.  Broken 
characters  occur  when  one  or  more  strokes  do  not  touch 
the  rest  of  the  charaaers.  A  typical  example  is  the  numeral 
3  in  which  the  top  stroke  does  not  join  the  bottom  one. 
Connected  and  broken  characters  are  rejected  as 
unrecognizable  by  the  algorithms.  Algorithms  have  been 
developed  to  handle  broken  3s  and  a  large  subset  of  con¬ 


nected  character  pairs.  To  handle  the  rejected  characters, 
an  editor  was  developed  to  allow  operator  interaction  to 
correctly  identify  rejected  characters. 

After  the  majority  of  characters  are  classified,  the  next 
step  in  digitizing  smooth  sheets  is  to  compose  the  individual 
characters  into  words  or  soundings.  This  task  has  been 
achieved  through  the  simple  procedure  of  making  prox¬ 
imity  measures  on  adjacent  characters. 

Summary 

The  CXTR  task  has  provided  a  system  which  can 
recognize  handprinted  characters  on  hydrographic  smooth 
sheets  to  a  high  degree  of  accuracy.  After  scanning  and 
digitizing  the  smooth  sheet  characters  are  passed  through 
a  thinning  process.  The  topological  structure  of  the  stick 
figures  resulting  from  the  thinning  process  are  inspected 
to  identify  the  numeral.  An  accuracy  of  99.7%  was 
achieved. 

Further  research  has  been  done  on  incorporating 
alphabetic  handprinted  charaaers  into  the  software  system 
developed  for  numerals.  The  initial  phases  of  this  effort 
concentrated  on  upper-case  letters.  Most  of  the  preprocess¬ 
ing  and  feature  extraction  modules  developed  for  numerals 
was  used.  By  making  changes  only  to  the  decision  logic 
we  have  obtained  a  high  degree  of  performance. 

Future  areas  of  research  pointed  to  by  experience  us¬ 
ing  the  OCR  algorithms  include  incorporating  a  control 
struaure  that  would  allow  feedback  communication  among 
the  various  modules  involved.  This  improvement  would 
permit  the  use  of  context  information  to  enhance 
performance. 

Future  research  and  development  work  needs  to  be  done 
in  the  area  of  recognizing  handprinted  alphabetic 
characters,  both  capital  and  lower  case,  as  well  as  punc¬ 
tuation  marks.  This  would  allow  handprinted  source 
material  from  a  variety  of  sources  to  be  digitized.  Another 
area  for  further  research  is  in  the  recognition  of  variable 
or  multifont  machine-printed  material  using  techniques 
developed  for  handprint  recognition. 
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Map  and  Chart  Formats  for  a  Digital 
Production  Environment 


Gail  L.  Langran 

Mapping,  Charting,  and  Geodesy  Division 

Abstract 

Digital  technology  has  introduced  new  design  p)ossibilities  for  standard 
topographic,  hydrographic,  and  aeronautical  maps  and  charts.  To  exploit  the 
benefits  offered  by  computers,  current  cartographic  practices  must  be  reevaluated 
and,  if  necessary,  tailored  to  the  strengths  and  weaknesses  of  digital  equipment. 
Early  planning  saves  time  and  money  when  implementing  new  charting  techniques. 


Introduction 

Mapping  is  entering  a  new  age.  Digitized  geographical 
data,  collected  and  stored  in  data  bases,  is  a  tool  for  future 
chart  compilation.  Computer  graphics  equipment  will  free 
cartographers  from  drafting  tables,  and  software  will  per¬ 
form  many  mapping  tasks  without  human  intervention. 
Although  such  technological  innovations  are  used  on  a 
largely  provisional  basis  today,  the  future  mapping  environ¬ 
ment  will  be  entirely  digital.  Digital  terrain  elevations, 
shoreline  vectors,  bathmetry,  and  chart  feature  locations 
and  attributes  will  be  data  based  for  large  areas  of  the  world. 
To  make  a  map  or  chart,  an  area's  digital  data  will  be 
compiled,  content  selected  according  to  scale,  symbols 
assigned  interartively  and  automatically,  and  a  graphic  will 
be  generated. 

Both  hardcopy  (paper)  and  softcopy  (digital  or  video) 
charts  will  be  utilized,  and  the  media  selected  according 
to  the  user’s  needs.  With  communications  links,  full-color 
chart  facsimiles  can  be  transmitted  to  distributed  sites  for 
timely  updates  to  standard  charts  or  for  customized 
graphics  drawn  from  a  central  data  base.  Digital  data  sets 
maintained  on  naval  platforms  will  generate  charts  in  real 
time,  provide  responses  to  interactive  queries  on  chart  data, 
and  allow  chart  and  sensor  data  to  be  interfaced. 

Computer  technology  will  allow  the  Defense  Mapping 
Agency  to  support  new  command,  control,  communica¬ 
tion,  and  intelligence  products  and  produce  today  's  stand¬ 
ard  maps  and  charts  more  quickly.  Users  benefit  from  im¬ 
proved  data  coverage  and  currency,  as  well  as  from  lowered 
response  time.  However,  digital  technology's  impact  on 
chart  production  and  use  must  be  fully  evaluated.  New 


media,  methods,  and  formats  could  adversely  affect  percep¬ 
tion  of  symbol  sizes,  shapes,  and  colors,  or  introduce  other 
ergonomic  problems  that  can  lead  to  mistakes  or  confusion 
by  chart  users.  Some  design  methods  used  on  today’s  prod¬ 
ucts  are  difficult  to  replicate  with  digital  equipment,  which 
delays  introducing  new  technology  and  adds  to  its  expense. 

NORDA,  the  Navy’s  lead  laboratory  in  mapping,  chart¬ 
ing,  and  geodesy,  works  with  the  DMA  to  exploit  com¬ 
puter  technology  in  map  and  chart  generation,  thus  im¬ 
proving  DMA’s  ability  to  support  military  intelligence 
needs.  Because  all  aspects  of  chart  production  and  use  will 
be  affected  by  digital  equipment,  the  DMA  tasked 
NORDA  in  FY84  to  study  the  production  and  human 
factors  impacts  of  digital  technology.  The  NORDA  study 
was  intended  to  recommend  ways  to  improve  production 
efficiency  and  exploit  the  technological  benefits  inherent 
in  computer -assisted  mapping. 

Discussion 

Paper  chart  production 

Today's  paper  charts  are  compiled  and  constructed  using 
a  mixture  of  manual  and  photomechanical  methods.  Charts 
are  reproduced  by  passing  their  production  negatives 
through  a  five-color  printing  press.  Centralized  mass  pro¬ 
duction  should  continue  in  the  digital  age.  However,  charts 
will  be  compiled  from  digital  data  bases  and  their  linework, 
symbols,  and  areal  fills  will  be  generated  and  applied  to 
film  by  digital  equipment. 

Design  adaptations  arc  essential  for  efficient  digital  mass 
production.  Three  problem  areas  exist. 
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•  Techniques  that  are  relatively  simple  to  render 
manually  may  be  intractable  to  perform  di)>itally. 

•  Digital  production  equipment  has  physical  limitations 
that  should  be  accommodated  by  chart  designs  to  minimize 
implementation  costs. 

•  Inefficiencies  that  exist  for  historical  or  traditional 
reasons  need  to  be  exorcised. 

It  is  not  surprising  that  many  tasks  that  are  easily  per 
formed  manually  are  difficult  to  render  using  digital  equip¬ 
ment.  since  computer  capabilities  differ  decidedly  from 
those  of  humans  (Table  1).  Because  the  techniques  u.sed 
to  compile  and  symbolize  today’s  maps  and  charts  have 
evolved  to  .suit  human  capabilities,  in  many  cases  they 
are  difficult  or  expen.sive  to  simulate  by  computer.  Map 
layout  requires  a  number  of  subjective  or  arti.stic 
judgments,  which  can  be  emulated  by  using  topological 
data  structures  and  setting  spatial  parameters  according 
to  psychophysical  test  findings.  Geographic  knowledge 
allows  cartographers  to  select  the  most  important  features 
to  map  for  a  particular  area,  but  simulating  the  human 
process  would  require  extensive  data  ba.ses,  which  are  dif 
ficult  to  collect  and  maintain.  An  alternative  is  to  use 
mathematical  models  for  feature  selection:  models  of 
geographic  location  for  topographic  maps,  models  of  visual 
prominence  for  aeronautical  charts,  and  line-of -sight  com¬ 
putations  for  hydrographic  charts. 


Table  1.  Strengths  and  weaknesses  of  computers. 


Strengths 

Weaknesses 

computation 

subjective  decisions 

data  processing 

knowledge-based  decision 

consistency 

nondiscrete  graphic  tasks 

speed 

precision 

Unless  map  and  chart  designs  are  altered  slightly,  some 
digital  production  equipment  must  be  .specially  built.  This 
adds  considerably  to  procurement  time  and  expense.  The 
dimensions  of  the  largest  aeronautical  and  navigational 
charts  excc'ed  common  .scanner  and  filmwriter  format  sizes. 
Reducing  chart  .sizes  by  as  little  as  half  an  inch  allows  pro 
curement  of  off-the-.shelf  equipment.  The  dot  densities  of 
the  standard  line  screens  and  area  fills  used  to  produce 
tints  and  patterns  on  maps  do  not  coincide  with  the  fixed 
scanning  densities  of  filmwriting  equipment  (Dunn,  bWs). 
New  dot  patterns  can  be  designed  that  produce  the  re¬ 
quired  number  of  repeatable  intensity  levels  and  an-  also 
efficient  to  generate  digitally. 


Some  traditional  cartographic  practices  are  innately  in¬ 
efficient,  whether  production  is  digital  or  manual.  Un- 
neces-sary  detail— features  not  needed  by  the  users,  ornate 
symbols,  or  excessive  .symbol  subdivisions— adds  to  pro- 
duoion  time  and  impexies  graphic  communication  (French, 
19Vi;  Bowen  et  al.,  19^);  Promi.sel,  19M;  Andrews  and 
Ringle,  19(v1;  Mackworth,  196 Yoeli  and  Loon,  1972; 
Dobson.  1986).  All  content  and  symboliz.ation  should  be 
continuously  reviewed  to  stay  abreast  of  changing  needs. 
One  practice  that  could  be  eliminated  immcxfiately  without 
harm  to  map  readers  is  the  traditional  use  of  type  styles 
to  impart  qualitative  information.  Few  map  readers  are 
capable  of  decoding  information  thus  encoded,  and  research 
has  shown  that  numerous  type  styles  slow  the  map-reading 
process  (Bartz,  1970;  Foster  and  Kirkland,  1971;  Amachree 
et  al.,  1977;  Phillips  et  al.,  1978). 

In  the  future,  paper  maps  will  lx*  printed  at  distributed 
sites  from  transmitted  data  sets  using  laser  or  ink-jet  plot¬ 
ters  that  employ  raster  treatments  to  apply  color  to  paper 
in  combinations  dictated  by  software,  rather  than  by  hard¬ 
copy  negatives.  Bccau.se  Uxal  graphics  may  be  of  lower 
quality  or  repeatability,  maps  must  be*  readable  with  rtxluced 
color  constraint  or  resolution.  Simple  symbols  are  crucial 
for  design  robustness,  since  ornate  symlxds  could  Ix'come 
unrecognizable  if  pixels  are  lost  during  scanning  or 
transmission. 

Softcopy  products 

Softcopy  and  hardcopy  graphics  an-  (x-rceivixl  differently 
by  humans.  Several  factors  unimportant  to  hardcopy 
graphic  design  influence  symbol  size  perception  on  soft 
copy  displays.  Irradiation  (the  tendency  of  a  light  image 
on  a  dark  background  to  appear  larger  than  a  dark  image 
on  a  light  background)  is  stronger  when  an  image 
transmits,  rather  than  reflixts  or  refracts,  light  (GrixTilxTg, 
1971).  Irradiation  may  cause  users  to  see  line  widths,  sym 
bol  sizes,  and  lettering  differently  on  a  CRT  than  on  a 
paper  map.  Symbol  sizes  should  be  adjustexi  accordingly, 
esptxially  when  using  a  black  map  format  (light  figure 
on  a  dark  background).  Color,  tix),  afkxts  sciftcopy  sym 
bol  size  jx-rception,  although  it  affects  hardcopy  symbol 
size  perception  only  nominally  (Shurtleff.  1980;  Dobsi>n. 
198,^).  The  accuracy  ol  estimating  areas  of  colored  sym 
bols  anil  filled  regions  on  softcopy  mtxlia  varies  with  the 
colors  ol  both  the  target  and  the  background,  but  the  ex 
act  nature  of  the  variation  is  not  and  may  never  lx-  known. 

True,  consistent  color  repnxluction  is  a  particular  prob 
lem  for  maps  storixl  on  and  acces.sed  from  optical  disks, 
since  video  devices  and  photographic  films  generally  have 
individual  spectral  weaknesses  that  make  uniformity 
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difficult  to  maintain.  Cartographers  can  do  little  to  pre¬ 
vent  these  problems,  but  they  can  design  defensively  by 
using  redundant  color  codes  and  choosing  colors  that  con¬ 
trast  well  with  one  another. 

Resolution  for  softcopy  devices  is  problematic  in  two 
ways.  Graphic  resolution  affects  discriminability  of  sym¬ 
bols.  Taylor  (1976)  found  that  the  high  levels  of  informa¬ 
tion  shown  on  current  paper  maps  and  charts  cannot  be 
shown  on  softcopy  displays,  in  part  because  of  decreased 
graphic  resolution.  Data  resolution  can  also  be  a  problem. 
The  scale  of  a  paper  chart  is  controlled  by  its  designer. 
The  scales  of  softcopy  charts  can  be  controlled  by  their 
users.  Softcopy  chart  designers  must  guard  against  users 
assuming  improved  accuracy  when  they  zoom  to  scales 
that  exceed  the  source  data’s  resolution.  One  way  to  pre¬ 
vent  such  assumptions  is  to  prevent  excessive  zooming. 

Softcopy  charts  can  be  either  static  or  dynamic.  Static 
displays  are  generated  by  projecting  photographed  charts 
or,  more  recently,  by  using  optical  disks.  Film  and  disk 
are  compact  storage  media,  but  they  do  not  provide  the 
benefits  of  charts  generated  dynamically  from  stored  data, 
commonly  termed  “interactive”  or  “electronic”  charts. 
The  electronic  chart  will  be  an  important  navigation  and 
tactical  device  for  the  Navy  in  the  future.  The  few  digital 
displays  planned  for  naval  platforms  today  are  forerun¬ 
ners  of  powerful  information  systems  that  will  be  possi¬ 
ble  when  digital  data  and  the  software  to  drive  it  are 
available. 

The  simplest  electronic  charts  automate  position  plot¬ 
ting  by  displaying  a  ship’s  progress  in  a  real  time  on  a 
softcopy  chart  display.  Ship’s  position  is  established  by 
Loran  C.  GPS,  Doppler  sonar  logs,  or  automated  dead 
reckoning  using  signals  from  the  ship’s  gyrocompasses. 
Correlating  such  a  display  with  radar  adds  considerably 
to  its  usefulness,  since  uncharted  features  are  displayed 
simultaneously  with  charted  obstacles.  Connecting  the  elec¬ 
tronic  chart  to  a  collision  prevention  or  automatic  steer¬ 
ing  system,  or  interfacing  the  display  with  real-time  sen¬ 
sor  data  results  in  a  sophisticated  electronic  navigational 
system.  Commercial  vendors  are  actively  pursuing  these 
possibilities  in  the  United  States,  Canada,  and  Japan  for 
use  on  fishing  boats,  ferries,  yachts,  cruise  ships,  and  patrol 
vessels. 

Electronic  navigation  charts  are  being  used  in  the  U.S. 
by  civilians  and  by  the  Coast  Guard.  Although  not  yet 
integrated  into  .ship  controls,  such  charts  are  a  boon  to 
navigators.  Data  for  charted  features  is  .stored  digitally  so 
systems  can  support  such  queries  as  “what  color  is  this 
buoy.^"'  or  “display  only  lighted  buoys.”  Overlaying  the 
chart  onto  radar  di.splays  allows  the  movement  of  other 


ships  to  be  tracked  (Gilman,  1983;  Eaton  et  al.,  1983;  and 
Hammer,  1984). 

While  the  electronic  chart  is  generating  excitement 
among  seagoers,  it  is  also  fostering  a  number  of  questions 
among  those  who  will  be  called  on  to  support  its  re¬ 
quirements.  Commercial  developers  are  concerned  with 
data  sources,  data  updates,  and  legal  liability,  since  altera¬ 
tions  to  the  digital  data  that  drives  electronic  charts  are 
invisible  without  an  established  audit  trail.  Standards  for 
data  currency,  organization,  accuracy,  and  resolution  are 
sought,  as  are  human  factors  standards  regarding  graphic 
format  and  user  interface.  Naval  concerns  echo  those  of 
civilians.  The  Submarine  Advanced  Combat  System 
(SubACS)  is  one  of  the  first  Navy  systems  to  approach 
electronic  chart  implementation.  The  SubACS  designers 
have  expressed  a  need  for  Navy-wide  electronic  chart  stand¬ 
ards,  particularly  for  the  operator’s  interface,  for  feature 
content  and  density,  and  for  algorithms  to  perform  the 
various  charting  functions  (IBM,  1984). 

Current  progress  and  future  plans 

During  the  first  year  of  this  study  (FY84),  a  report 
(Langran,  1984)  was  prepared  that  surveyed  the  literature 
of  cartographic  communication,  design,  and  digital  pro¬ 
duction,  and  recommended  ways  for  DMA  to  tailor  the 
designs  of  its  standard  maps  and  charts  to  the  strengths 
and  weaknesses  of  digital  equipment  without  impacting 
chart  readability.  In  FY85,  an  experimental  1:100,000 
ground/air  product  was  designed  to  demonstrate  mapping 
techniques  that  are  efficient  to  render  digitally.  A  report 
describing  the  design  rationale  will  be  published  in  early 
FY86. 

Plans  for  NORDA  to  assist  DMA  in  supporting  the 
Navy’s  electronic  chart  began  in  FY83.  A  survey  of  the 
Navy’s  plans  for  electronic  chart  development  was  incor¬ 
porated  in  a  Navy-sponsored  survey  of  the  digital  map¬ 
ping,  charting,  and  geodesy  data  needs  of  planned  naval 
systems.  The  results  of  the  survey  will  be  published  this 
fiscal  year.  After  gauging  the  status  of  naval  electronic 
charting  plans,  a  program  to  coordinate  development,  to 
standardize  products,  and  to  supply  data  can  be  designed 
and  NORDA’s  supporting  role  can  be  defined. 

Conclusions 

Computer  technology  will  change  the  way  we  use  and 
perceive  maps  and  charts.  To  exploit  technology's  poten¬ 
tial,  current  practices  must  be  evaluated  for  their  suitability 
to  a  digital  environment.  Comprehensive  digital  data  bases 
and  improved  efficiency  will  move  cartography’s  focus 
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away  from  standardized  mass-production,  and  allow  maps 
and  charts  to  be  customized  to  user  needs.  More  atten 
tion  will  focus  on  maintaining  the  chart  data  and  on 
employing  special-purpose  formats  that  optimize  the 
transfer  of  geographic  information  from  map  to  map 
reader. 

As  applications  of  digital  chart  data  become  more- 
sophisticated,  all  available  data  that  arc  tied  to  geographic 
locations  will  be  displayable  and  correctable  on  demand. 
Chart  use  will  be  incorporated  with  other  planning  func 
tions  into  integrated  information  processing  systems.  These 
innovations  are  expected,  but  implementation  dates  are 
not  yet  known.  Careful  planning  today  will  minimize  future 
problems. 
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Airborne  Electromagnetic  Bathymetry 

I.  J.  Won  and  K.  Smits 
Mapping,  Charting,  and  Geodesy  Division 

Abstract 

An  experimental  airborne  electromagnetic  (AEM)  survey  was  carried  out  in 
the  Cape  Cod  Bay  area  to  investigate  the  potential  of  extracting  bathymetric 
information  for  a  shallow  ocean.  A  commercially  available  Dighem  III  AEM 
system  was  used  for  the  survey  without  any  significant  modification.  The 
helicopter-borne  system  operated  at  385  Hz  and  7200  Hz,  both  in  a  horizontal 
coplanar  configuration.  A  concurrent  ground  truth  survey  included  extensive 
acoustic  soundings,  as  well  as  spot  water  conductivity  measurements. 

Because  of  a  lack  of  knowledge  about  the  absolute  system  calibration  figures, 
an  acoustic-sounding  calibration  was  made  for  each  flight  line  using  a  small  por¬ 
tion  of  AEM  data  to  derive  the  zero-level  signal,  amplitude,  and  phase  calibra¬ 
tion  factors  for  each  coil  pair.  The  interpreted  bathymetric  profiles  show  excellent 
agreement  with  corresponding  acoustic  depth  profiles  up  to  one  (possibly  more) 
skin  depth  of  the  source  frequency.  It  is  envisioned  that  with  further  improvements 
in  hardware  and  software,  the  bathymetric  resolution  may  extend  beyond  the 
skin  depth.  AEM  data  can  also  produce  (as  by-products)  conductivity  profiles 
of  both  seawater  and  bottom  sediments  that  may  find  potential  applications  in 
mine  warfare  and  offshore  geotechnical  engineering. 


Introduction 

NORDA  has  been  investigating  a  possible  application 
of  the  airborne  electromagnetic  (AEM)  method  to 
bathymetric  charting  in  a  shallow  ocean.  The  Navy  has 
a  requirement  for  a  cost-effective  rapid,  airborne,  shallow- 
ocean  bathymetric  method  capable  of  supplementing  or 
even  replacing  the  traditional  shipborne  acoustic  sounding 
methods,  which  are  time-consuming  and  often  not  suited 
to  shallow  coastal  areas.  Periodical  and  repetitive 
bathymetric  mapping  of  heavily  trafficked  shallow-ocean 
regions  is  necessary  for  monitoring  bottom  sediment 
movements,  ship  lane  maintenance,  and  a  variety  of 
geotechnical  operations,  as  well  as  for  routine  charting. 

Discussion 

Test  Survey  in  the  Cape  Cod  Bay 

All  flights  and  ground  truth  .surveys  were  performed 
during  a  3-day  period  in  the  te.st  survey  area  in  June  1984 
(Fig.  1).  The  AEM  system  used  was  a  commercially 
available  Dighem  111,  described  in  detail  by  Fraser  (1978, 


1979,  and  1981).  The  system  was  equipped  with  two 
horizontal  coplanar  coil  pairs  operating  at  385  Hz  and 
72(X)  Hz.  Both  pairs  had  an  8-m  coil  separation  (an  addi¬ 
tional  coaxial  coil  pair  operating  at  900  Hz  was  deactivated 
due  to  an  electronic  malfunction). 

The  sensor  platform,  or  “bird.”  towed  by  a  Sikorsky 
S58T  twin-engine  helicopter  using  a  30-m  cable,  main¬ 
tained  an  average  altitude  range  between  40  and  50  m 
above  the  sea  surface.  The  aircraft  altitude  was  measured 
by  a  radar  altimeter  (Sperry  Model  220  mounted  on  the 
aircraft)  that  had  a  manufacturer -specified  accuracy  of  5%. 
A  total  of  about  200  line-km  AEM  data  consisting  of  13 
segment  profiles  was  obtained  in  three  separate  flights  in 
less  than  7  hours.  The  .sampling  rate  was  1  sec  and  cor¬ 
responded  to  about  50  m  along  the  ground  track  (about 
a  3  km/min  ground  speed).  The  maximum  water  depth 
in  the  survey  area  is  about  40  m,  according  to  the 
bathymetric  chart  (NOAA  Chart:  13,246). 

The  flight  plan  included  data  collection  before  and  after 
each  profile  at  an  altitude  of  about  270  m  to  calibrate  the 
zero-level  signal  of  the  receiver  coils.  In  addition,  three 
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short  calibration  flij>hts  were  made  in  a  U)cation  about 
n  km  east  of  the  Cajx',  where  the  bathymetric  chart  in 
dicatcxl  water  depth  in  excess  of  (if)  m.  These  data  were 
intended  to  be  used  for  determininj?  the  absolute  calibra 
tion  constants  for  amplitude  and  phase  of  each  coil  pair 
by  assuminj;  that  the  water  body  below  could  lx*  considered 
a  uniform  conductive  half-space.  It  turned  out,  however, 
that  this  calibration  method  is  not  accurate  enouj>h  tor 
bathymetric  prexessin^.  As  discus,sed  in  Data  Calibration, 
zero  level  si>>nal  and  amplitude/pha.sc  calibration  constants 
are  derived  from  a  small  portion  of  each  actual  flight  line 
data. 

I'i^ure  2  shows  a  raw  AEM  data  profile  accompanied 
by  a  corresponding  radar  altimeter  profile  along  Line  ‘>021 
(see  Fig.  1  for  lixation).  Clearly,  the  AEM  data  are  over¬ 
whelmingly  correlatahle  with  variations  in  altitude.  A  very 
crude  indication  of  water  depth  may  be  observed  from 
the  ratio  of  the  quadrature  component  to  the  inphase  com¬ 
ponent  of  the  Hz  data;  the  ratio  increases  with  a 
decreasing  water  depth.  Unfortunately,  this  relationship 
is  highly  nonlinear.  Even  though  the  aircraft  altitude  is 
maintained  mostly  within  a  10  m  range  (between  40  and 
“iO  m),  the  corresponding  variations  of  the  AEM  responses 
amount  to  more  than  ^00  parts  per  million  (ppm).  Owing 
to  the  high  water  conductivity,  errors  induced  by  inac¬ 
curate  altimetry  pose  a  critical  problem.  At  a  45-m  bird 
altitude,  a  1  %  altitude  change  at  a  given  water  depth  of 


10  m  generates  amplitude  differences  of  22  ppm  at 
Hz  and  33  ppm  at  7200  Hz.  It  can  also  be  shown  that 
for  a  1-m  depth  change  at  the  same  water  depth  of  10 
m.  the  predicted  amplitude  differences  amount  to  only 
10  ppm  at  385  Hz  and  0  ppm  at  7200  Hz. 

Since  the  employed  radar  altimeter  has  a  specified  ac 
curacy  of  5%.  it  soon  became  evident  that  the  radar 
altitude  could  not  be  trusted  for  the  bathymetric  prexess 
ing.  Instead,  a  new  algorithm  was  developed  to  use  the 
7200  Hz  response  to  derive  the  electromagnetic  altitude 
during  the  inversion  prtxe.ss.  The  new  altitudes  thus 
derived  show  fairly  random  zero  biased  differences  (with 
respect  to  the  radar  altitudes)  whose  RMS  amounts  to 
about  2  .37o. 

Navigation  was  originally  planned  to  employ  a  Del 
Norte  navigation  system  supported  by  three  ground 
tran.sponders.  Excessive  distances  caused  |XH)r  reception; 
therefore,  a  Loran-C  system  was  installed  on  site  with  a 
makeshift  arrangement  of  a  printer  that  produced  coor¬ 
dinates  at  5-.sec  intervals.  These  coordinates  were  later 
interpolated  to  produce  Tsec  interval  coordinate  data  cor¬ 
responding  to  the  AEM  data  rate. 

A  ground  truth  bathymetric  survey  concurrent  with 
the  AEM  flights  was  carried  out  using  an  acoustic  depth 
.sounder.  A  total  of  about  120  linc-km  depth  profiles  was 
obtainexJ.  which  covered  about  (■>()%  of  the  AEM  flight 
area.  Unfortunately,  due  to  many  practical  reasons,  the 
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flight  lines  and  the  ship  track  did  not  coincide  and  were 
often  more  than  500  m  apart.  Therefore,  the  best  available 
ground  truth  still  reflects  another  interpolated  approxima¬ 
tion  (unless  the  bottom  topography  fluctuates  rapidly,  the 
ground  truth  is  considered  to  be  accurate  within  1  -2  m). 

Spot  measurements  of  water  conductivity  were  made 
at  eight  different  locations  along  the  ship  track  at  a  3-m 
depth.  They  ranged  between  4.0  mho/m  and  4.12  mho/m. 
While  these  values  may  be  fairly  representative  for  deep 
water,  there  are  considerable  uncertainties  over  very 
shallow  water  ( ~  3  m)  where  water  temperature  may  rise 
significantly  during  the  day  (particularly  during  sunny  days 
in  June,  as  in  this  case).  A  mere  4‘’C  difference  in  the 
water  temperature  at  a  given  salinity  can  result  in  as  much 
as  a  10%  change  in  water  conductivity.  Unfortunately, 
no  ground  truth  measurements  were  made  during  the 
survey  to  confirm  this  possibility. 

Interpretation 

The  high  conductivity  of  seawater  (between  3  and  5 
mho/m,  depending  on  salinity  and  temperature  with  no 
fresh  water  inlets)  severely  restricts  the  ability  of  elec¬ 
tromagnetic  waves  to  penetrate  the  water.  Bathymetric 
range  and  resolution,  therefore,  are  primarily  governed 
by  the  source  frequency.  Figure  3  shows  the  skin  depths 
in  a  frequency  range  between  40  Hz  and  40  kHz  for 
assumed  water  conductivities  of  2,  3,  4,  and  5  mho/m 
(skin  depth  is  the  ability  of  electromagnetic  waves  to 
penetrate  seawater  to  depths  determined  by  frequency  and 
seawater  conductivity). 

For  the  employed  frequencies  of  385  Hz  and  7200  Hz 
for  seawater  with  a  conductivity  of  4  mho/m,  we  may, 
therefore,  expect  skin  depth  of  12.8  and  3.0  m,  respec¬ 
tively.  From  Figure  3  the  source  frequency  obviously 


Figure  3  Skin  depths  as  a  function  of  frequency  for  seawater 
having  a  conductivity  ranging  from  2  mho/m  to  5  mho/m. 


should  be  less  than  100  Hz  to  achieve  a  depth  range  of 
50  m  or  more. 

The  Cape  Cod  test  data  were  initially  interpreted  and 
reported  by  Fraser  (1985)  using  a  least-squares  algorithm 
by  Anderson  (1979).  Subsequently,  the  data  were  reproc¬ 
essed  at  NORDA  using  a  different  Marquardt  least -squares 
algorithm,  notably  Subroutine  ZXSSQ,  in  the  IMSL 
package.  The  inverted  bathymetry  in  both  cases  agreed 
approximately  in  trends  with  known  bathymetry  but 
showed  a  considerable  static  bias  that  often  exceeded  5-10 
m.  Further  careful  inspection  of  the  least-squares  inver 
sion  results  leads  us  to  the  following  conclusions: 

•  Computer  inversion  time  is  unacceptably  long:  one- 
point  inversion  of  the  two-frequency  data  consumes  from 
5  sec  to  1  min  on  a  VAX  11/780  computer,  even  when 
the  water  depth  is  the  only  sought  parameter,  while  all 
other  parameters  are  prescribed  and  fixed. 

•  AEM  response  is  too  sensitive  to  the  bird  altitude 
to  accept  the  specified  5%  accuracy  of  the  radar  altimeter 
used  for  the  survey. 

•  Both  the  water  and  the  sediment  conductivities  must 
be  allowed  to  float,  albeit  in  constrained  ranges. 

The  AEM  bathymetric  profiles  reported  here  are  derived 
from  yet  another  method:  analytic  solutions  of 
simultaneous  nonlinear  equations.  At  each  data  location, 
we  have  four  measured  quantities;  i.e.,  inphase  and 
quadrature  components  at  two  frequencies.  From  this  data 
set  we  derive  exact  solutions  of  four  parameters:  water 
conductivity,  water  depth,  sediment  conductivity,  and  elec¬ 
tromagnetic  altitude.  When  unconstrained,  the  solutions 
are  exact  (since  the  number  of  knowns  and  unknowns  is 
the  same),  which  results  in  zero  residuals  regardless  of 
data  error.  However,  severe  data  error  may  produce 
physically  unacceptable  solutions  (e.g.,  negative  depth  or 
conductivities).  While  least -squares  methods  (in  which  the 
number  of  knowns  is  usually  much  more  than  that  of 
unknowns)  may  produce  a  stable  solution  set  (even  though 
its  root -mean -square  (rms)  error  may  be  high)  from  a  noisy 
data  set.  the  present  analytic  approach  is  understandably 
sensitive  to  data  error.  Under  this  circumstance,  a  low 
pass  filtering  of  the  inverted  profile  is  justifiable  to 
countermeasure  the  random  data  errors. 

An  inversion  algorithm  using  a  modified  Newton 
Raphson  method  is  then  applied  to  the  data.  Initially,  we 
derive  the  sensor  altitude  and  water  conductivity  from 
the  72(X)-Hz  data  and.  subsequently,  water  depth  and  hot 
tom  conductivity  from  the  385-Hz  data.  Inversion  time 
for  deriving  all  four  parameters  amounts  to  0. 5-2.0  sec 
on  a  VAX  11/780  computer.  The  analytic  method,  as 
in  the  least-squares  methcxl.  also  requires  initial  guesses 
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and,  to  ensure  physically  acceptable  solutions,  reasonable 
solution  constraints.  The  constraints  used  for  the  final  proc¬ 
essing  of  the  Cape  Cod  data  follow. 

Water  conductivity  (o,):  3-5  mho/m 
Sediment  conductivity  0.01-2  mho/m 
Water  depth  (d):  0-50  m 
Altitude  (b);  positive 

Spot  measurements  of  water  conductivity  at  a  3-m  depth 
at  eight  locations  ranged  from  4.0  to  4.12  mho/m.  No 
bottom  sediment  conductivity  data  are  available.  However, 
an  extensive  in  situ  study  of  carbonate  sediments  (Hulbert 
et  al.,  1982)  off  the  Florida  coast  shows  a  common  range 
of  0.4  mho/m  to  1.4  mho/m  within  the  first  5-m  depth, 
decreasing  only  slightly  with  increasing  depth  of  burial. 

The  inversion  process  is  initiated  as  follows:  For  the 
very  first  point,  we  prescribed  starting  values  of  a,  = 
4  mho/m,  02  =  I  mho/m,  d  as  read  from  the 
hydrographic  chart,  and  b  as  indicated  by  the  radar 
altimeter.  Once  the  process  starts,  the  solution  set  at  the 
present  location  is  prescribed  as  the  initial  parameters  for 
the  next  location.  Thus,  after  the  first  data  point  of  a  pro¬ 
file,  the  interpretation  becomes  completely  autonomous. 

We  present  only  the  bathymetric  results  in  this  article. 
Note,  however,  that  (1)  the  derived  electromagnetic  altitude 
is  well  within  ±  1  m  of  the  radar  altitude  (less  than  the 
manufacturer-specified  5%  error),  (2)  water  conductivity 
is  mainly  4  ±  0,2  mho/m  except  for  very  shallow-water 
regions,  and  (3)  bottom  sediment  conductivity  ranges  be¬ 
tween  0.5  mho/m  and  1.5  mho/m  in  most  profiles. 


Results 

The  interpreted  AEM  bathymetry  for  Line  5021  is 
depietdd  in  Figure  4  (see  Fig.  1  for  location).  The  solid 
line  represents  the  water  depth  inferred  from  the  AEM 
data.  Solid  circles  denote  the  depths  determined  from 
acoustic  profiles.  Depths  are  computed  at  approximately 
50-m  intervals.  Small  numerals  at  the  bottom  are  the  flight 
line  fiducials  that  represent  every  20th  data  point.  The 
profile  length  is  about  20  km. 

The  agreements  are  excellent  up  to  a  water  depth  cor¬ 
responding  to  about  one  skin  depth  (12.8  m)  of  the  385-H2 
signal.  In  fact,  the  agreements  up  to  this  depth  are  well 
within  the  interpolation  accuracy  of  ground  truth  data. 
Below  the  skin  depth  we  notice  progressively  degrading 
resolution  that  results  in  oscillatory  bathymetric  profiles. 

In  essence,  the  oscillatory  behavior  is  a  direct  result  of 
the  decreasing  signal-to-noise  ratio  with  respect  to  the 
altitude  uncertainty.  At  a  20-m  depth,  for  instance,  the 
maximum  theoretical  385  Hz  response  (against  an  infinitely 
deep  water)  is  expected  to  be  about  10  ppm,  while  a  mere 
0.2  m  error  in  altitude  will  result  in  the  same  amount 
of  difference  in  response.  Since  the  bathymetric  errors  ap¬ 
pear  to  be  random,  yet  strongly  correlated  with  the  air¬ 
craft  altitude,  we  tentatively  conclude  that  the  error  sources 
are  likely  related  to  the  altimeter  resolution  and  to  such 
bird  attitude  uncertainties  as  pitching  and  yawing  associated 
with  the  aircraft  altitude  varia'  .ons.  The  bird  attitude  can 
be  monitored  in  the  future  using  inclinometers  whose  out¬ 
put  can  be  incorporated  into  the  interpretation. 
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Such  an  oscillatory  behavior  can  sometimes  be  sup¬ 
pressed  if  we  use  a  least-squares  inversion  method  when 
a  sufficient  number  of  redundant  measurements  is  available. 
The  resultant  solutions  in  this  case  will  carry  large  rms 
errors,  yet  may  give  a  deceptively  smooth  solution  pro¬ 
file.  The  present  analytic  inversion  method  produces  zero- 
residual  solutions  that  fit  the  observed  data  regardless  of 
the  measurement  errors.  Although  the  two  approaches 
are  equivalent  in  the  .sense  of  error  budgeting,  the  analytic 
inversion  method  appears  to  be  superior  in  field  logistics 
and  in  computational  speed.  Figures  'i-8  show  additional 
AEM  bathymetric  profiles  producc'd  by  the  above  described 
prixedure. 


A  composite  of  seven  AEM  profiles  is  shown  in  Figure 
9.  We  notice  striking  details  of  the  sea  Ixjttom  morphology, 
which  show  subtle  trends  and  developments  of  slopes, 
trenches,  and  shoals.  The  fact  that  each  profile  is  independ¬ 
ently  derived  and  yet  shows  remarkable  correlations  with 
neighlx)ring  profiles  renders  further  credence  to  the  AEM 
results. 

Conclusions 

From  our  experience  through  the  Cape  Cod  AEM 
bathymetry  experiment,  we  summarize  some  of  the  er¬ 
ror  sources  that  degrade  the  bathymetric  resolution: 
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Figure  3.  AEM  bathymetry  profile  for  Line  50}l.  Solid  circles  represent  acoustic  depths. 
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Figure  9-  A  composite  of  seven  A  EM  bathymetry  profiles  from  the  Cape  Cod  Bay. 


characteristics,  such  as  compaction,  porosity,  density,  and 
(indirectly  perhaps)  sediment  types,  all  of  which  carry  broad 
geotechnical  implications  for  many  offshore  activities. 
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NORDA  conducts  research,  development,  test,  and 
evaluation  of  systems,  equipment,  or  techniques  in  the 
general  areas  of  charting,  .surveying,  photogrammetry, 
remote  sensing,  reconnaissance,  bathymetry,  geophysics, 
precise  positioning,  and  ocean  surveillance  in  support  of 
the  Defense  Mapping  Agency  and  the  U.S.  Navy. 
NORDA  is  the  primary  activity  within  the  Navy  con¬ 
ducting  research  and  development  in  direct  support  of 
naval  mapping,  charting,  and  geodesy  requirements. 

Under  the  above  charter,  a  hydrographic  information 
handling  (HIHAN)  system  is  being  developed  for  the 
Hydrographic  Division  of  the  U.  S.  Naval  Oceanographic- 
Office.  That  office  plans  and  conducts  hydrographic  surveys 
in  response  to  charting  deficiencies  identified  by  the 
Defense  Mapping  Agency.  Until  recently,  surveys  have 
been  conducted  and  the  results  pr(x:es.sed  \  ia  labor-intensive 
manual  techniques. 

The  project  HIHAN  develops  the  application  software 
that  will  operate  on  both  shipboard  and  in  house  com 
puters  and  that  will  perform  automated  tasks  to  a.ssist 
hydrographers  in  selecting,  merging,  and  editing 
hydrographic  data:  overlaying  features  and  annotations; 
and  calculating,  file  manipulating,  and  other  processing 
to  produce  digital  field  sheets,  smooth  sheets,  and  manage¬ 
ment  accession  files.  The  project  is  sponsored  by  the 
Defense  Mapping  Agency,  since  digital  smooth  sheet  prcxl 
nets  are  high  on  their  list  of  priorities. 

The  capability  resulting  from  this  development  is  to  be 
used  by  NAV'OCEANO  in  a  production  environment. 
Products  generated  by  the  system  must  have  been 
generated  via  observable,  acceptable  hydrographic  stand 
ards  and  must  be  acceptable  to  DMA  and  legal  entente, 
consistent  with  Internationa!  Hydrographic  Organization 
(IHO)  standards.  Critical  aspects  of  this  software  design 
are  that  the  software  must  emulate  procedure  already 
employed  manually  and  that  the  hydrographer's  decisions 
must  dominate  any  edit  and  sounding  selection  proce.ss. 
even  when  the  user  has  little  computer  training. 

Since  the  program  was  initiated  in  198,T  interactive  data 
editing  and  verification  system  modules  to  process 


hydrographic  data  have  been  designed  and  implemented 
as  a  system  for  use  onboard  NA  VOCEANO  survey  ships; 
the  system  acronym  is  "fiPTS."  which  stands  for 
Hydrographic  Post  Time  System.  The  HPTS  is  a  basic- 
shipboard  capability  that  is  to  be  expanded  both  on  ship 
and  for  base  plant  processing.  The  HPTS  emerged  from 
implementing  modules  emulating  manual  methods.  The 
task  level  modules  are  Extract,  Thin,  Select.  Plot  Status, 
Edit,  Merge.  Plot  Track.  Plot  Soundings,  and  Contour. 

To  ensure  detection  of  minimum  depth,  survey  pro¬ 
cedure  requires  NAVOCEANO  to  collect  more  soundings 
than  can  be  plotted  on  a  sheet.  The  desire  of  the  data 
processor  is  to  reduce  the  volume  of  data  requiring  full 
treatment  as  rapidly  as  po.ssible  The  Extract  and  Thin 
modules  reduce  data  volume  while  satisfying  IHO  stand 
ards.  The  standards  require  tfiat  shoalesi  soundings  ap¬ 
pear  at  S.O-mm  intervals  on  the  sounding  sheet  and  that 
the  soundings  be  positioned  on  the  sheet  to  1.0  mm  ac 
curacy.  To  ensure  that  the  1.0  mm  accuracy  requirement 
is  not  violated,  the  Extract  and  Thin  /nodules  generate 
a  file  of  maximum  and  minimum  soundings  for  each  time 
interval  not  exceeding  1.0  mm  of  ship  "sheet  travel," 
depending  on  the  scale  of  development.  Eor  a  scale  of 
development  of  l/lO.OfX).  a  reduction  in  data  volume  by 
10;1  can  1h?  realized;  for  a  l/‘>0.000  scale,  the  reduction 
can  be  “)();  1 , 

The  Select  module  applies  a  few  rudimentarv  selection 
rules  that  emulate  the  hydrographer  in  the  selection  proc 
e.ss  and  set  a  status  bit  that  indicates  which  soundings  the 
computer  thinks  should  be  plotted  at  S.O-mm  intervals 
on  the  sheet. 

The  Status  Plot  module  generates  a  plotter  profile  of  the 
I.O-mm  max/min  thin  depth  file  so  that  a  hydrographer  can 
evaluate  the  data  in  general  and.  in  particular,  evaluate  the 
designated  sounding  selections.  The  proximity  and  status  of 
navigation  lines  of  position  are  also  plotted  relatise  to  the 
profile.  When  the  status  plot  is  ct/mpleted.  the  hard  copy  is 
removed  and  studied  by  the  hydrographer  in  preparation 
for  editing.  The  profile  and  designated  select  depths  are 
comparerl  with  a  hard  copy  echogram  bv  visual  insjxx  tion. 


Dau  Processing 

The  Edit  module  provides  both  a  video  display  of  the 
data  files  and  a  user-friendly  means  to  change  the  files 
by  means  of  a  keyboard.  The  Edit  module  can  select  or 
deselect  soundings,  insert,  change,  provide  a  tabular  snap¬ 
shot  of  a  sequence  of  observations,  or  provide  a  profile 
of  a  sequence. 

When  the  editing  and  sounding  selection  is  complete,  the 
next  operation  is  to  merge  soundings,  positions,  and  tide 
information.  For  each  selected  sounding  a  position  is  com¬ 
puted  from  interpolated  lines  of  position  for  the  exact  time 
of  the  sounding.  Soundings  with  computed  positions  out¬ 
side  the  designated  survey  area  are  removed  from  the  file. 
The  appropriate  tide  table  versus  sounding  position  and 
time  is  consulted  and  a  relevant  tide  corrector  is  acquired. 

The  data  files  resulting  from  the  merge  process  are  ready 
for  plotting.  The  Plot  Track  module  provides  a  sheet  show¬ 
ing  the  actual  track  of  selected  segments  of  track  for  the 
ship  or  launch  data  actually  used.  The  track  is  annotated 
with  time  date  and  platform  tags.  The  Plot  Sounding 
module  provides  a  field  sheet  where  soundings  values  are 
plotted  in  their  sheet  locations. 

The  contour  module  provides  a  quick,  first-look  set  of 
contours  that  can  be  overlaid  on  the  tracksheet  or  the 


sounding  sheet  for  evaluation.  The  contours  are  gener¬ 
ated  via  a  subdivided  triangle  technique,  Delaunay  tessella¬ 
tion  (Watson,  19S2),  because  the  computer  capacity  is  too 
small  to  deal  with  larger  data  sets,  i.e.,  20,000  soundings 
per  sheet,  and  the  desire  to  infer  no  additional  or  inter¬ 
polated  soundings  as  in  the  result  of  grid  contouring 
techniques. 

Continuing  software  applications  in  the  HIHAN  pro¬ 
gram  will  focus  on  using  the  computer  interactive  graphics 
capability.  The  primary  goal  will  be  to  improve  the 
hydrographer’s  ability  to  evaluate  data  and  his/her  ability 
to  interact  with  the  DMA  hydrographic  data  base.  Fur¬ 
ther  efforts  will  include  utilization  of  Global  Positioning 
System  and  capabilities  to  extract  hydrographic  informa¬ 
tion  from  airborne  laser  systems  and  multispectral  image 
systems. 
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Abstract 

Effective  utilization  of  the  sea  floor  is  realized  by  the  Navy  as  a  result  of  basic 
and  applied  geological,  geophysical,  and  geotechnical  investigations  conducted  at 
NORDA,  Major  thrusts  are  directed  toward  the  characterization  and  quantification 
of  geological  materials,  structure,  morphology,  and  seafloor  processes  that  pro¬ 
vide  critical  environmental  data  for  naval  applications.  NORDA 's  geosciences 
research  supports  specific  naval  requirements  in  mine  and  Arctic  warfare,  acoustic 
bottom  interaction,  coastal  engineering,  mapping,  geoacoustic/geophysical  model¬ 
ing,  and  antisubmarine  warfare. 


Introduction 

Seafloor  geosciences  research  at  NORDA  provides  the 
Navy  with  advanced  capabilities  to  describe  and  model, 
qualitatively  and  quantitatively,  marine  geological  en¬ 
vironments.  sediments,  and  rocks  in  terms  that  relate  to 
Navy  systems  design,  construction,  and  operations.  Ef¬ 
fective  utilization  of  the  sea  floor  by  the  Navy  is  realized 
as  a  result  of  basic  and  applied  geological,  geophysical, 
and  geotechnical  investigations  that  contribute  to  the  fun¬ 
damental  knowledge  and  understanding  of  the  oceanic  crust 
and  overlying  sediments.  Interdisciplinary  research  pro¬ 
grams  are  an  integral  aspect  of  these  activities  and  are 
designed  to  maximize  the  return  on  ocean  science  invest¬ 
ment,  to  optimize  the  scientific  contributions  to  Navy 
needs  and  applications,  and  to  maintain  a  leading  edge 
in  advancing  the  state  of  the  art  in  geosciences. 

Major  thrusts  in  geosciences  are  directed  toward  the 
characterization  and  quantification  of  geological  materials, 
structure,  morphology,  and  seafloor  processes  in  both  site 
specific  and  regional  areas  of  Navy  interest.  Investigations 
provide  critical  environmental  data,  geoacoustic  proper 
ties,  and  other  seaflcxtr  engineering  properties  (geotechnical 
data)  for  naval  applications  (construction,  mines, 
geoacou.stic  modeling  and  prediction).  Specific  studies  in 
volve  not  only  site  investigations  at  sea  but  also  extensive 
laboratory  studies  coupled  with  theory  and  mcxleling.  From 
an  interdisciplinary  studies  perspective,  the  geological  in 
puts  provide  the  de.scriptive  analysis  and  background  of 
an  investigation.  Geophysical  measurements  and  remote 
sensing  techniques  provide  qualitative  and  quantitative 


assessment  of  the  seafloor  and  subseafloor  structure  and 
materials,  both  laterally  and  vertically.  Geotechnical  studies 
provide  the  quantitative  measure,  or  “ground  truth,"  of 
the  physical,  mechanical,  and  geoacoustic  properties  of  the 
.seafloor  and  subseafloor  geological  materials  (Fig.  1). 

NORDA 's  geosciences  assets  and  support  facilities  in¬ 
clude  such  state-of-the-art  geophysical  instrumentation  as 
multichannel  seismic  profilers,  e.g..  Deep  Towed  Array 
Geophy.sical  System,  Ocean  Bottom  Seismographs,  magne¬ 
tometers.  computer  facilites  and  specialized  software;  geo¬ 
technical  in  situ  (e.g.,  electrical  conductivity,  piezometers, 
geomechanical,  and  geoacoustical)  laboratory  instrumen¬ 
tation.  Geological  facilities  include  coring  and  sampling 
tools  and  underwater  photographic  equipment.  A  high- 
pressure  (69  MPa,  1(),0(X)  psi)  test  and  calibration  facility 
is  operated  routinely  by  NORDA.  Currently,  this  facility 
is  being  used  to  test  and  calibrate  differential  sediment 
pore  water  pressure  sensors  for  deep-sea  measurements 
at  high  pressure  (69  MPa). 

Discussion 

Investigations  in  geosciences 

Geological  investigations  tix  iis  on  se;ilkx)r  proces,s».‘s  and 
sedimentary  materials  m  time  and  spate.  IVansport  and 
de|X)sition  ot  sediments  reflect  the  geoloeit.il  prtKcsses  ,it 
tive  in  submarine  environments;  thev  proi esses  ,ire  t  ritical 
to  naval  actiMties  in  stub  areas  ,is  mine  hiin.il,  high 
frequency  actiusi It  st.itiermg,  and  geo.it ousut  motlehng 
Bathymetric  anti  geologital  m.ipping.  .i .  well  as 
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morphoU)^ical  investigations  are  inte>>ral  aspects  of 
^eolo^ical  activities  in  both  shallow  water  and  deep  txean 
environments. 

Ba.sic  research  in  ^Jeoma^jnetics  is  dirt>cted  toward  the 
study  of  the  jjetilo^ic  history  and  evolution  of  the  ocean 
basin.  Sei.smolo^jy  studies  addrt'ss  vital  questions  re>>ardin^ 
acoustic  energy  propagation  and  related  fine-scale 
stratigraphy  of  sediments  and  cru.sts.  The.se  investigations 
provide  the  Navy  with  fundamental  seaflcxir  environmental 
data  for  geoacoustic  mtxleling,  predictive  modeling  for 
remote  areas,  estimates  of  bottom  and  subbottom 
roughness,  scattering,  attenuation,  estimates  of  acoustic 
impedance,  reflection  coefficients,  energy  partitioning  and 
other  derived  geoacoustic  parametcTs.  Investigations  of  fine- 
scale  geoacou.stic  properties  and  boundary  layer  acoustics 
are  critical  in  assessing  the  subsurface  variability  and  sedi- 
tnent  acoustic  velcxities  in  shallow  water  and  in  deep  txean 
environments. 

Thrusts  in  marine  geotexhnique  include  the  develop- 
tnent  of  in  situ  probes  for  measuring  the  physical  and 
mechanical  properties  of  seafUxtr  sediments.  Field  and 
laboratory  testing  of  marine  sediments  and  samples  pro¬ 
vide  the  Navy  with  critical  data  for  engineering  applica¬ 
tions.  geoacoustic  modeling,  and  a  variety  of  seafloor  en- 
vironmetnal  requirements.  Testing  and  evaluation  of 
remote  sensing  techniques  (acoustic  and  electromagnetic) 
for  determining  seafloor  sediment  properties  and  identi 
tying  marine  soil  types  are  ongoing  activities  because  t)t 
the  pres.sing  requirements  for  rapid  survey  systems  to  meet 
Navy  requirements.  Quantitative  geotechnical  studies  pro¬ 
vide  ■■ground  truth"  for  the  remote  sensing  systems  and 
are  a  fundamental  basis  for  evaluating  problems  in  .seafltxtr 


stability,  bearing  capacity  predictions,  mine  burial 
ccstimates,  and  the  respon.se  and  behavior  of  sonar  sy.stems. 

Mine  Applicable  areas  of  interest  to  mine 

burial  problems  are  seafloor  mapping  of  bathymetry  and 
morphology,  mapping  of  seafloor  geotechnical  properties, 
seafloor  sediment/bottom  typing  and  characterization,  bot¬ 
tom  roughness  measurements,  and  bottom  and  subbot¬ 
tom  structure  determination.  These  re.search  areas  pro¬ 
vide  information  vital  to  the  Mine  Counter  Measures  Pro¬ 
gram.  Specific  capabilities  include  a  side-scan  sonar 
laboratory  (seafloor  mapping,  bottom  roughness),  a  geo¬ 
technical  sediment  (soil)  properties  laboratory  (geotechnical 
properties  of  the  sea  floor,  Ixtttom  typing  and  characteriza¬ 
tion),  a  core  laboratory  (sediment/bottom  typing  and 
characterization,  bottom  and  .subbottom  structure),  and 
a  geophysics  laboratory  (subbottom  structure).  An  acou.stic 
bottom  characterization  system  (complete  with  a  new  in¬ 
strumentation  laboratory)  has  been  recently  added. 

Arctic  warfare  Subsurface  ice  characterization 

in  the  future  will  bexome  an  important  topic  of  considera¬ 
tion  in  undersea  Arctic  warfare.  NORDA  has  the  research 
tools  and  the  expertise  to  develop  a  program  for  investi¬ 
gating  the  environmental  characteristics  of  Arctic  sedi¬ 
ments  and  ice.  Ice  roughness  and  structure,  as  well  as 
stability,  are  critical  factors  to  be  considered  by  subsur¬ 
face  craft  before  transiting  ice-covered  areas.  In  addition 
tt)  other  subsurface  interests,  seaflcxtr  geotechnical  prop¬ 
erties  and  acoustic  techniques  should  be  considered  with 
respect  to  mine  burial  and  bottom-mounted  structures. 

Acoustic  bottom  Acoustics  has  developed 

to  the  point  where  it  is  one  of  the  most  important  con¬ 
siderations  in  undersea  warfare.  Methods  have  been 
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developed  to  adequately  detect  and  track  enemy  sea  craft 
(surface  and  subsurface)  almost  anywhere  in  the  world's 
oceans.  However,  with  the  development  of  new  technology 
for  acoustically  quiet  craft  (especially  subsurface)  it  becomes 
inherently  more  imperative  to  develop  techniques  to  detc'ct 
or  predict  acoustic  transmissions  from  quieter  sources. 
Theoretical  studies  have  been  completed  and  models  devel¬ 
oped  that  predict  acoustic  wave  behavior  in  the  ocean  and 
on  the  sea  floor;  however,  these  techniques  take  into  ac 
count  only  a  “theoretical"  or  “.simple"  environment. 
Future  models  must  begin  to  account  for  the  real-earth 
environment;  that  is,  measurements  must  lx;  made  of  sea 
floor  and  subseafloor  properties  and  their  variability  on 
the  transmission  of  sound  through  the  geological  materials. 

NORDA  has  devoted  a  considerable  effort  during  the 
last  few  years,  and  will  devote  an  increasing  effort  in  the 
coming  years,  to  applying  seafloor  and  subseafloor  research 
to  acoustical  problems.  Beginning  with  sediment  and  bot¬ 
tom  characterization  (e.g.,  roughness  and  morphological 
features)  and  advancing  through  the  geotechnical  realm 
into  the  geophysical  .structure  of  the  subbottom.  NORDA 
has  conducted  significant  studies  in  terms  of  geological, 
geotechnical,  and  geophysical  enhancement  of  pre,sent 
acoustic  models  of  sound  propagation  through  the  bot 
tom.  The  development  of  state-of-the-art  instrumentation 
related  to  acoustic  behavior  of  geological  materials  is  an 
integral  aspect  of  this  research. 

Coastal  engineering— Navy  has  always  been  in¬ 
terested  in  coastal  processes.  In  conventional  areas,  sue 
cessful  amphibious  landings  require  a  significant  amount 
of  personnel  and  materials.  To  accomplish  these  missions, 
the  shallow  (beach  front)  bottom  structure  must  be  capable 
of  supporting  first  the  equipment,  then  the  required  per 
sonnel.  Methods  are  needed  to  rapidly  characterize  and 
analyze  near-shore  bottom  environments.  Geological  and 


geotechnical  methods  developed  by  NORDA  are  used  to 
investigate  and  characterize  the  bottom  from  both  a  map 
ping  and  a  surficial  structure  point  of  view.  Geotechnical 
probes  have  been  developed  and  tested  to  determine  in 
situ  physical  and  mechanical  properties  of  the  sea  floor. 

A  joint  program  with  Sandia  iNational  Laboratories  has 
been  underway  for  a  number  of  years.  This  program  has 
investigated  seafloor  stability  requirements  for  deep-sea 
nuclear  waste  burial.  Technology  developed  during  this 
research  is  now  Ix’ing  applied  to  naval  coastal  engineer 
ing  and  geoacoustic  requirements. 

Seafloor  mapping— On  sxene  Commanders,  especially 
while  operating  in  coastal  areas  (on  the  continental  shelf), 
must  have  an  accurate  “picture"  of  the  sea  flixx.  Seaflcxx 
mapping  and  characterization  have  been  aci omplished  by 
NORDA  using  acoustical  methtxls.  Researchers  utilize  ad 
vanced  seafloor  imaging  technologies  that  contribute  to 
the  development  of  new  systems  currently  evolving.  One 
such  system  is  the  Sea  MARC  IV  acoustic  mapping  system 
being  developed  in  ctxiperation  with  Texas  A&M  Univer¬ 
sity  These  capabilities  provide  the  Navy  and  the  scien 
tific  community  with  new  dimensions  in  seafkxir  map¬ 
ping  and  acou.stic  signal  prtxessing. 


Summary 

Seafloor  geosciences  researchers  arc  now  able  to  answer 
many  questions  pertinent  to  naval  environmental  problems 
of  the  sea  floor  and  subseafltxir  regions.  Such  areas  as  mme 
warfare.  Arctic  warfare,  acoustic  bottom  interaaion.  coastal 
engineering,  seafloor  mapping,  geoacoustic/geophysical 
modeling,  and  submarine  detection  require  seafloor  en¬ 
vironmental  data  for  concise  predictions  of  conditions  on 
and  under  the  .sea  floor. 
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Marine  Geological  Studies,  Data 
Resources,  and  Archives 


Julius  Egloff 

Seafloor  Geosciences  Division 

Abstract 

Specialized  marine  geological  data,  listed  by  oceanic  regions  and  principal  in 
vestigators  are  available  within  NORDA.  Geological  data  holdings  and  related 
sources  are  represented  by  the  geographic  and  technologic  subjects  of  the  numer¬ 
ous  papers  produced  by  NORDA.  Deep-sea  sediment  cores  and  dredged  oceanic 
rock  samples,  together  with  seismic  reflection,  3.5  kHz  bathymetry,  and  com¬ 
puterized  data  bases,  combine  to  form  a  unique  research  archive  within  NORDA. 
This  archive  serves  Navy  needs  and  is  open  to  scientists  of  every  discipline. 


Introduction 

NORDA  inherited  a  wealth  of  significant  data  and  ex¬ 
perience  from  the  divisions  of  previous  parent  organiza¬ 
tions.  Regional  studies  carried  out  by  NORDA  geologists 
in  its  formative  years  have  been  enhanced  by  informa¬ 
tion  gained  from  recently  completed  multipurpose, 
multisponsor  Navy  projects.  Additional  excellent  marine 
geological  data  have  been  gathered  from  NORDA - 
sponsored  research  cruises  during  the  last  decade. 

Discussion 

The  majority  of  the  shipborne  seismic  reflection  and 
3.5  kHz  bathymetric  profiling,  magnetic  surveys, 
photography,  and  sediment  core  and  rock  sampling  of  the 
sea  floor  have  been  collected  in  the  following  regions  (see 
Fig.  1): 

•  Northern  North  Atlantic,  southeastern  North  Atlan¬ 
tic,  Bermuda  Rise,  U.  S.  continental  margin,  Caribbean 
Sea  and  Gulf  of  Mexico,  and  central  South  Atlantic. 

•  North  Pacific  in  the  vicinity  of  Panama,  the  Gala 
pagos.  East  Pacific  Rise,  northeastern  Pacific,  west- 
northwestern  Pacific,  and  ea.st-west  transits  from  Hawaii. 

•  Indian  Ocean  between  the  Ninety-East  Ridge  and 
Wharton  Basin,  from  Australia  to  java  and  Singapore, 
including  the  Banda  and  Timor  Seas. 

•  U.  S.  coastal  waters,  bays  and  harbors  of  Navy  interest. 

In  addition  to  original  data  that  have  direct  applications 

to  future  projects  at  NORDA,  regional  studies  with  related 
base  maps,  reports,  computerized  data  files,  and  biblio¬ 


graphical  materials  are  held  in  house.  A  listing  of  NORDA 
geology  publications  by  author  may  be  requested,  or  a 
listing  of  papers  and  holdings  by  regional  interest  is 
available  on  request.  Several  less  well-known  pre\'ious  ef¬ 
forts,  which  may  not  have  been  fully  published,  may  be 
of  interest.  Examples  of  regional  significant  basic  analysis 
(with  geological/geophysical  study  parameters  emphasized) 
are  listed. 

•  North  Pacific  Ocean/Evaluaiion  of  Seamount  Occur¬ 
rence:  by  study  of  water  depth,  topographic  relief,  age  of 
crust,  proximity  to  known  relief,  spread  of  shiptrack  con¬ 
trol,  and  theoretical  considerations. 

•  North  Atlantic  Ocean/Evaluation  of  Seamount  Oc¬ 
currence:  by  study  of  water  depth,  topographic  relief,  age 
of  crust,  proximity  to  known  relief,  spread  of  shiptrack 
control,  and  theoretical  considerations. 

•  Northeast  Pacific/Sediment  Thickness  Compilation: 
involves  digitization  of  seismic  sections  and  isopach  maps, 
standard  Navy  ocean  area  NP-9. 

•  Equatorial  Eastern  Pacific/Earthquake,  volcano,  and 
bathymetric  geologic  data  correlations,  empha.sizes  regional 
plate  tectonics. 

•  Eastern  South  Pacific/Gcophysical  studies  of  the 
eastern  margin  of  the  plate. 

•  Central  North  Atlantic/Geophysical  Studies  of  the 
Mid-Atlantic  Ridge  crest,  including  morphology,  composi¬ 
tion  (petrochemistry),  crustal  thickness,  etc. 

•  South  Atlantic  Ocean/Basin  evaluation,  preliminary 
data  compilation,  bibliography,  seismic  and  3.5  kHz 
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profiling,  magnetic  surveys,  bottom  photography, 
geological  sampling. 

•  Caribbean  Sea/geological  and  geophysical  data  syn¬ 
thesis  of  data  to  produce  a  set  of  maps,  and  study  of  many 
specific  features  of  seabed,  sediments,  and  crust;  includes 
geological/geophysical/geotechnical  data  off  northern  and 
western  margin  of  St.  Croix. 

•  U.  S.  Coastal  Waters/Side-scan  sonar  and  related 
sedimentology  studies. 

•  Western  Atlantic  and  Eastern  Facific/Evaluation  of 
selected  seamounts. 

•  Eastern  coast  of  U  S. /Mid  Atlantic  States  off¬ 
shore/Wilmington  Canyon  and  vicinity. 

Several  studies  are  available  as  larger  scale  sets  of 
graphics  and  maps,  and  computer  listed  data.  Seismic  reflec¬ 
tion  profiles  over  most  of  the  regions  listed  above  have 
been  analyzed  and  described,  at  least  preliminarily,  and 
most  are  available  on  microfilm  from  the  National 
Geophysical  Data  Center,  Boulder,  Colorado  80,^03.  Most 
original  records  are  retained  by  NORDA  for  future  analysis 
and  as  a  reference  library. 

Graphics  showing  the  distribution  of  shiptrack  control 
for  most  surveys  are  available  from  the  National 
Geophysical  Data  Center  or  from  NORDA.  Data  are  iden¬ 
tified  by  ship,  year,  and  region. 

Quality  of  survey  data 

In  the  early  1970s,  single-channel  seismic  refleaion  data 
were  recorded  on  Raytheon  Precision  Seismic  Recorders. 
These  data  are  still  some  of  the  cleanest,  sharpest  seismic 
records  available  for  the  northern  North  Atlantic— several 
are  with  airgun  sources  and  most  are  with  33.(KK)  or 
66,(KK)  joule  sparker  sources.  Later  data  are  clear  in  less 
stormy  conditions  in  mid  latitudes  and  equatorial  waters 
and  were  recorded  on  Raytheon  UGR.  Navigational  con¬ 
trol  was  usually  by  satellite,  except  for  selected  offshore 
areas  where  radio  control  was  used  (Raydist.  Decca,  and 
radar).  In  higher  latitudes  the  satellite  navigation  was  ex¬ 
tremely  accurate  and  allowed  detailed  surveys  of  smaller 


gc-ologic  features.  Magnetic  data  utilizing  Varian  or  similar 
proton  precession  sensors  were  taken  as  a  standard  prac¬ 
tice  on  most  cruises.  Gravity  data  were  acquired  occa¬ 
sionally  but  were  limited  in  extent  because  of  accelera¬ 
tion  problems  on  the  small  ships. 

Possibly  the  most  extensive  high-quality  3.3  kHz  shallow 
seismic  profiles  within  the  Navy,  next  to  those  generated 
as  a  .standard  practice  by  the  Naval  Oceanographic  Of¬ 
fice,  arc  archived  at  NORDA.  These  data  represent  most 
of  the  regions  previously  listed  in  which  NORDA 
researchers  worked. 

Sediment  samples  and  dredged  rock  collection 

Sediment  cores  from  all  oceans  investigated  are  kept 
as  a  reference  sample  collection  in  NORDA  "s  Core 
Repository,  along  with  an  extensive  dredged  rock  collec¬ 
tion.  The  cores  were  taken  mainly  in  deep  ocean  basins 
and  the  dredged  rock  samples  were  taken  principally  from 
the  mid-ocean  near  hot-spot-related  island  groups  and  from 
isolated  seamounts.  This  set  of  seamount  rock  collections 
is  unique  in  the  U.  S. 

Core  and  dredged  rock  samples  date  from  the  late  196()s 
to  the  pre.sent.  Mineral  and  sediment  properties  studies 
have  been  run  on  selected  cores  and  rocks;  these  cores 
are  available  for  more  detailed  studies.  Partial  lists  and 
subsamples  have  been  extracted  for  detailed  studies  by 
academia  and  institutions.  These  samples  were  formerly 
used  to  support  thesis  research  and  scientific  investiga¬ 
tions,  as  well  as  Navy  requirements  for  seafloor  engineering 
and  acoustic  applications.  Manganese  samples  and  other 
data  from  these  rock  samples  arc  held  by  the  U.  S. 
Geological  Survey.  Smithsonian  Institution  scientists  have 
subsampled  the  volcanic  glass  and  fresh  basalt.  A  few 
magnetic  properties  studies  were  done  with  selected 
.samples  of  basalts  from  around  Iceland  and  the  East  Pacific 
Rise. 

Questions  by  intere.sted  scientists  regarding  NORDA- 
held  data  bases  and  samples  are  invited. 
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Marine  Geology:  Research  and  Support 
in  Naval  Ocean  Science 

Frederick  A.  Bowles  and  Peter  Fleischer 
Seafloor  Geosciences  Division 

Abstract 

The  behavior  of  naval  systems  is  significantly  influenced  by  seafloor 
characteristics;  thus,  the  Navy  must  continually  improve  its  understanding  of 
these  aspects  of  the  ocean  environment.  At  NORDA,  marine  geologic  investiga¬ 
tions  address  both  shallow-  and  deep-water  environmental  problems  as  they  relate 
to  Navy  needs.  Regional  investigations  are  often  multidisciplinary  and  are  designed 
to  enhance  the  Navy’s  fundamental  knowledge  of  the  geology  of  the  deep  ocean 
basins.  Site-specific  and  shallow-water  investigations  are  generally  more  directed 
because  they  usually  support  applied  Navy  programs  relating  to  acoustics  or 
engineering.  NORDA  is  developing  a  strong  survey  capability  using  undersea 
remote  sensing  systems  that  provide  acoustic  imaging  of  the  sea  floor  for  de¬ 
tailed  geological  investigations. 


Introduction 

Geology  studies  are  concerned  with  such  matters  as  the 
earth’s  origin,  composition,  history,  morphology,  and  proc¬ 
esses  that  shape  it  or  have  shaped  it.  Past  interest  focused 
primarily  on  the  continents  and  ignored  the  major  part 
of  the  earth,  which  lies  beneath  the  oceans.  Marine  geology 
is  the  study  of  this  submerged  area  and,  until  recently, 
it  was  the  least -developed  branch  of  the  geological  sciences. 
Interest  in  marine  geology  has  grown  enormously  since 
World  War  II.  The  great  breakthrough  in  knowledge  of 
the  deep  sea  floor  has  come  primarily  from  research  con¬ 
ducted  by  academic  oceanographic  institutions  and  sub¬ 
sidized  by  grants  from  the  U.  S.  Navy  and  the  National 
Science  Foundation. 

The  continuing  evolution  and  development  of  naval 
equipment  and  systems  require  a  continual  advance  in 
understanding  the  vast  ocean  environment  in  which  the 
Navy  operates.  It  is  becoming  increasingly  more  apparent 
that  seafloor  characteristics  significantly  influence  the 
behavior  of  Navy  systems.  Bottom  geometry  and  sediment 
type/structure,  for  example,  affea  acoustic  reflectivity;  sedi¬ 
ment  dynamics  and  seafloor  properties  affect  the  choice 
of  seafloor  installation  sites  of  cable  routes.  Topography 
can  be  used  in  subsurface  navigation  or  may  represent 
a  navigational  hazard.  Improvement  of  the  Navy’s  opera¬ 


tional  and  defense  capabilities  is  dependent  on  developing 
a  thorough  understanding  of  the  physical  characteristics 
of  ocean  basins,  as  well  as  the  processes  that  form  and 
continue  to  shape  them. 

Within  the  naval  laboratory  structure,  NORDA  ad¬ 
dresses  the  marine  geological  environment  as  it  relates 
to  Navy  needs.  Marine  geologic  investigations  of  coastal 
and  deep-ocean  environments  are  directed  toward  the  fun¬ 
damental  understanding  of  sedimentology,  morphology, 
acoustic  stratigraphy,  seafloor  processes,  and  environmental 
parameters.  Field  and  laboratory  techniques  are  used  to 
improve  the  resolution  of  geological  parameters.  Regional 
and  site-specific  studies  are  designed  to  provide  descrip¬ 
tions  of  geological  environments  for  high-frequency 
acoustics,  mine  countermeasures,  bottom  installations,  and 
to  develop  state-of-the-art  predictive  modeling. 

Discussion 

Sediment  patterns  and  deep  ocean  circulation 

This  research  represents  a  composite  approach  to  study¬ 
ing  seafloor  environments  and  abyssal  water  mass  circula¬ 
tions  by  understanding  sediment  distribution,  biostratigra¬ 
phy,  paleoclimatology,  bedforms,  sediment  composition, 
sediment  acoustics,  and  acoustic  stratigraphy.  Knowing 
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how  water  circulation  affects  sediment  patterns  and  seafloor 
geometry,  and  also  how  the  sedimentary  environment  and 
processes  affect  water  circulation,  give  data  we  can  use  to 
predict  microtopography  and  acoustic  responses  of  the  bot¬ 
tom  as  a  function  of  geographic  area.  Research  has  primari¬ 
ly  concentrated  on  analyzing  geological  and  geophysical 
data  collected  in  the  North  Atlantic  Ocean,  Indian  Ocean, 
Caribbean  Sea,  and  the  Gulf  of  Mexico.  Seismic  reflection 
and  bathymetric  data  have  been  used  to  define  the  strati¬ 
graphic  and  sedimentation  history  in  the  western  North 
Atlantic  (Bermuda  Rise)  and  the  eastern  Indian  Ocean 
(Nicobar  Fan),  and  to  delineate  the  bottom  current  flow 
pattern  on  the  south  flank  of  the  Iceland-Faeroe  Ridge  and 
Northeast  Atlantic  Basin.  These  and  similar  studies  provide 
valuable  environmental  data  bases  (sediment  thickness  and 
bathymetric  maps)  that  can  be  applied  to  bottom-related 
Navy  activities.  Sediment  thickness  (Fig.  1),  for  example,  is 
important  in  environmental  acoustic  modeling  for  the  Fleet 
(Bottom  Loss  Upgrade  Program  and  research  support  for 
geoacoustic  models).  Geoacoustic  models  simulate  the  real 
sea  floor  in  terms  of  sediment  thickness,  layering,  physical 
properties,  and  velocities,  and  are  used  by  the  Navy  in 
acoustic-related  activities.  These  models  are  basic  to  under¬ 
water  acoustics  and  are  useful  in  guiding  theoretical  studies, 
reconciling  field  experiments  with  theory,  or  predicting 
the  effects  of  the  sea  floor  for  experimental  design.  Sedi¬ 
ment  core  data,  echo-sounder  profiles,  seismic  reflection 
profiles,  etc.,  permit  geological  province  boundaries  to  be 
defined  within  which  geoacoustic  models  can  be  applied. 
Such  data  is  also  significant  in  acoustic  scattering  ex¬ 
periments,  blockage  of  sound  propagation  (obstructions), 
and  deployment  of  bottom-mounted  equipment. 

In  addition  tc  supporting  Navy  needs,  marine  geological 
investigations  have  also  resulted  in  sciendfic  contributions. 
Investigations  in  the  Caribbean  Sea/Gulf  of  Mexico  region, 
for  example,  have  led  to  positively  identifying  the  Orinoco 
River  as  a  source  area  and  to  developing  sediment  transport 
models  that  explain  the  spatial  and  temporal  input  of 
Orinoco/ Amazon  River  sediments  to  the  eastern  Carib¬ 
bean.  Models  for  the  post-Miocene  evolution  of  the  north¬ 
west  Caribbean  have  been  postulated  and  refined.  Stratigra¬ 
phy  and  paleoenvironment  investigations  of  carbonate 
sediments  on  the  Florida  escarpment  have  revealed  a 
history  of  Late  Cretaceous  and  Cenozoic  erosion  and 
subsidence. 

South  Atlantic  Geocorridor 

The  Navy  faces  increa.sing  responsibilities  in  distant 
geographic  areas  that  are  potentially  strategic  and  where 


current  knowledge  of  the  environment  is  limited.  The 
South  Atlantic  Geocorridor  Project  (Fig.  2)  is  designed 
to  provide  a  systematic  approach  toward  gaining  increased 
understanding  in  such  an  area.  Recent  interest  in  the  South 
Atlantic  is  based  on  a  concern  for  protecting  and  monitor¬ 
ing  shipping  routes  for  strategic  supplies.  One  of  the  first 
steps  in  determining  the  best,  most  effective  approach  for 
conducting  surveillance  is  to  define  the  acoustically  rele¬ 
vant  environmental  characteristics  of  an  ocean  basin. 
Ultimately,  the  optimum  performance  of  surveillance 
systems  will  depend,  in  part,  on  a  quality  environmental 
data  base.  From  a  scientific  point  of  view,  our  current 
understanding  of  the  South  Atlantic  is  extremely  deficient. 
Knowledge  of  the  tectonic  history,  structural  framework, 
sedimentation,  stratigraphy,  sediment  dispersal  and  related 
process,  etc.,  is  inadequate.  Suitable  environmental  data 
bases  do  not  exist.  A  major  field  program  is  presently 
underway  to  collect  baseline  geophysical  and  sedimen- 
tological  data  from  the  South  Atlantic  to  develop  a  better 
understanding  of  tectonic  and  sedimentation  patterns  and 
their  influence  on  the  geoacoustic  environment  in  that 
region. 


Figure  1.  Sediment  isopach  map  of  south  flank  and  crestal 
area  of  Iceland-Faeroe  Ridge  and  adjacent  Hatton  Drift  area. 
Contour  interval  is  0.1  sec.  Sediment  thickness  was  read  every 
13  min,  or  about  every  2  km.  Stippling  indicates  areas  of 
little  or  no  sediment.  Dashed  contours  indicate  uncertainty 
in  the  position  of  the  contours  due  to  lack  of  data.  Question 
marks  indicate  area  of  uncertain  .sediment  thickness  because 
acoustic  basement  reflector  is  not  visible  in  seismic  reflec 
lion  profiles. 
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Fif’ure  2.  Physio/^raphic  map  showing  location  of  corridor  (30‘‘S-43°S. 

Site  surveys  and  regional  assessments  Often,  detailed  geophysical  and  geological  data  collcc- 

Geologic/geoacoustic  assessments  of  specific  areas  and  tion  are  needed  to  assess  an  area  properly.  NORDA 

site-specific  surveys  are  among  the  principal  means  by  geologi.sts.  for  example,  have  conducted  four  surveys  in 

which  marine  geology  directly  benefits  the  Navy,  the  St.  Croix  area.  During  these  investigations,  precision 

A  major  environmental  assessment  of  the  northwest  bathymetric  profiling,  seismic  reflection  profiling,  dredg- 

Pacific  was  completed  by  NORDA  in  support  of  the  ing.  coring,  geotc-chnical  testing,  and  photographic  opera- 

Marine  Seismic  System  (MSS)  Project  funded  by  the  tions  were  conducted.  In  addition  to  practical  application 

Defense  Advanced  Research  Projc-cts  Agency.  The  thrust  for  the  Navy,  the  St.  Croix  surveys  gave  NORDA 

of  this  program  was  the  use  of  marine  lx)rehole  instruments  geologi.sts  the  opportunity  to  address  more  fundamental 

to  monitor  nuclear  testing.  The  reixtrt  presents  comprehen  scientific  questions,  such  as  the  age  of  the  opening  of  the 

sive  data  compilations  to  aid  in  planning  and  site  selec  Virgin  Island  Trough  and  the  characteristics  of  the  car- 

tion  for  the  MSS.  Data  were  compiled  for  two  geographic  bonate  sediments  and  their  physical  properties, 

regions— the  northwest  Pacific  (4()"-‘36"N,  11‘3"-17()'’H)  and  A  better  knowledge  of  the  seafloor  characteristics  that 

the  Kurile  Kamchatka  earthquake  region.  Included  for  the  form  the  north  and  west  margins  of  St.  Croix,  and  in  the 

northwest  Pacific  were  cultural,  meteorological,  oceano-  Virgin  Island  Trough,  is  essential  to  king  range  planning 

graphic,  geological,  geophysical,  and  seismokigical  data  to  of  Navy  activities  for  the  area.  Such  information  is 

define  the  environment  in  which  the  MSS  would  operate.  necessary  to  locate  optimal  sites  for  seafloor  installations. 

Two  MSS  site  areas  were  proposed,  primarily  for  their  determine  cable  routes,  anil  spi'cify  requirements  tor  pro 


advantageous  local  geology. 
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surveys  were  directly  related  to  planned  expansions  of  the 
St.  Croix  tracking  range  located  at  the  western  end  of  St. 
Croix  Island. 

The  Jordan  Basin  (Gulf  of  Maine)  represents  a  similar 
situation,  where  geological/geophysical/geotechnical  tech¬ 
niques  were  directed  toward  more  applied  Navy  needs— 
specifically,  to  provide  seafloor  environmental  support  for 
shallow-water  ASW  acoustic  experiments.  Relevant 
geological  information  was  collected  in  conjunction  with 
the  shallow-water  acoustic  experiment.  The  analysis  and 
interpretation  of  geologic  samples  and  data  were  intend¬ 
ed  to  address  two  basic  factors  affecting  acoustic  bottom 
interaction  in  the  experiment;  the  significant  charaaeristics 
of  the  bottom  in  terms  of  such  parameters  as  sediment 
type,  sound  velocity,  and  porosity;  and  the  areal  and  ver¬ 
tical  variation  of  these  parameters  within  the  experiment 
sites. 

Geologic  mapping 

The  conventional  surface  ship  echo-sounder  has  been 
the  standard  approach  to  distinguishing  and  mapping  the 
topographic  features  of  the  sea  floor.  Even  in  the  most 
precise  and  detailed  bathymetric  surveys,  however,  con¬ 
tours  must  be  extrapolated  between  ship  survey  lines, 
which  leads  to  questions  concerning  the  actual  sea  floor. 
Moreover,  the  shapes  of  contours  have  been  used  to  in¬ 
fer  the  nature  of  the  processes  that  create  seafloor  relief. 
These  inferences  have  not  always  been  accurate. 

The  technique  and  philosophy  of  seafloor  mapping  has 
changed  considerably  in  recent  years  with  the  develop¬ 
ment  and  improvement  of  new  undersea  remote  sensing 
systems  that  provide  acoustic  imaging  of  the  sea  floor. 
Side-scan  sonar  imaging  systems  are  readily  available  to 
marine  geologists  for  studying  the  details  of  the  sea  floor 
and  shallow  subsurface.  These  instruments,  coupled  to 
modern  electronic  navigation  equipment,  have  opened  a 
new  era  of  geological  understanding  of  shallow-  and  deep¬ 
water  environments.  Standard  methods  of  direct  seafloor 
sampling  (gravity  piston  coring,  grab  sampling,  and  dredg¬ 
ing)  now  provide  better  data  because  we  are  now  able  to 
understand  the  .seafloor  features  from  which  they  are 
selected.  These  methods  of  both  remote  and  direct  data 
collection  are  employed  to  develop  an  understanding  of 
seafloor  environments  not  previously  possible. 

NORDA's  ability  to  obtain  detail  and  "big-picture 
geology"  of  the  sea  floor  will  improve  significantly  with 
the  development  of  Sea  MARC  IV  (Fig.  .^).  This  is  the 
latest  member  in  a  family  of  instrumentation  called  the 
Sea  Mapping  and  Remote  Characterization  system.  These 


side-scan  systems  allow  geologic  mapping  in  water  depths 
of  50-5000  m  with  a  single  system  and  a  minimum  of 
ship  time  in  the  survey  area.  The  various  Sea  MARC 
systems  differ  primarily  in  the  operational  frequency  of 
their  mapping  sonars  and  their  relative  modes  of  opera¬ 
tion  (e.g.,  slow,  deep  towing  versus  more  rapid,  shallow 
towing).  Sea  MARC  IV  is  being  developed  by  NORDA, 
Texas  A&M  University,  and  Lamont-Doherty  Geological 
Observatory  as  a  portable,  state-of-the-art  system.  It  will 
be  an  integrated  towed  system  that  will  simultaneously 
provide  quantified  acoustic  backscatter  images,  swath 
bathymetry,  and  echosounding  over  a  wide  range  of  tow¬ 
ing  altitudes,  swath  widths,  and  water  depths. 

Remote  characterization  is  a  cost-effective  way  to  map 
the  sea  floor  and  to  increase  our  understanding  of  geologic 
processes  and  bottom  morphology.  With  this  technology, 
a  large  volume  of  information  can  be  gathered  during 
cruises.  The  nature  of  Sea  MARC  IV  data  is  such  that 
bottom  backscatter  can  be  quantified  and  correlated  with 
geologic  features  on  a  detailed  scale.  Thus,  geologic/acoustic 
models  can  be  enhanced  on  the  basis  of  a  single,  routine 
survey.  These  models,  in  turn,  will  lead  to  a  vital  predic¬ 
tive  capability  for  critical  Navy  areas. 

Shallow-water  geology 

In  general,  the  acoustic  characteristics  of  signals,  noise, 
and  reverberation  in  shallow  continental  shelf  or  narrow 


Figure  3  Sea  MARC  IV  mapping  geometry.  The  Sea  MARC 
IV  neutrally  buoyant  towfisb  and  umbilical  cable  stream 
behind  a  dead  weight  depressor.  This  arrangement  yields  a 
very  quiet  and  stable  sonar  platform  for  acoustic  imaging  and 
bathymetric  mapping  (from  International  Submarine 
Technology.  Ltd.) 
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coastal  areas  are  significantly  different  from  deep  ocean 
areas.  Attempts  to  extrapolate  deep  ocean  acoustic  data 
to  shallow-water  applications  have  been  disappointing.  In 
recent  years,  concern  about  the  way  Navy  systems  per¬ 
form  in  shallow-water  environments  has  led  to  increased 
emphasis  on  understanding  and  exploiting  those  features 
that  characterize  these  environments.  The  proximity  of 
boundaries  (surface,  bottom,  shoreline),  inhomogeneity  of 
the  water  column,  sea  floor,  and  substrate;  short-term  tem¬ 
poral  variability,  and  influences  of  noise  sources  contribute 
to  the  extreme  complexity  of  the  acoustic  environment 
in  shallow  water. 

Clearly,  environmental  acoustics  are  so  complex  that 
an  interdisciplinary  approach  to  investigations  is  required. 
NORDA  geologists,  together  with  acousticians  and 
oceanographers,  have  developed  an  integrated,  long-range 
environmental  acoustics  program  that  addresses  basic  and 
applied  issues  in  the  bottom  interaction  of  high-frequency 
sound  in  shallow-water  environments.  Phases  of  this  pro¬ 
gram  are  currently  supported  by  the  Office  of  Naval 
Research  and  the  Naval  Sea  Systems  Command.  The  ob¬ 
jective  of  this  program  is  to  develop  a  fundamental 
understanding  of  the  physics  of  high-frequency,  shallow- 
water  bottom  scattering. 

Because  acoustic  wavelengths  are  very  short  at  high 
frequencies  (10-100  kHz),  small  seafloor  features  (such 
as  ripple  marks)  will  cause  acoustic  scatter.  Thus,  high- 
frequency  bottom  interaction  depends  mainly  upon  small- 
scale  seafloor  roughness.  The  seafloor  features  most  im¬ 
portant  to  high-frequency  acoustic  scattering  are  discern¬ 
ible  on  side-scan  sonar  records. 

In  support  of  the  high-frequency  program,  NORDA  has 
developed  a  strong  shallow-water  survey  capability  built 
around  the  ability  to  conduct  precisely  navigated  sonar 
imaging  (Figs.  4  and  5)  and  shallow  subbottom  profiling 
measurements. 

Extensive  geological  site  investigations  for  high- 
frequency  bottom  scattering  experiments  have  been  con¬ 
ducted  off  Panama  City,  Florida  (Figs.  4  and  5),  and  in 
the  Arafura  Sea,  off  the  northern  coast  of  Australia.  In 
these  experiments,  sonar  imaging,  integrated  with  in  situ 
physical  properties  measurements  and  stereophotography, 
is  used  to  map  the  finescale  spatial  variability  of  sediment 
type  and  bottom  roughness. 

Within  NORDA ’s  high-frequency  acoustics  program, 
side-scan  imagery,  subbottom  profiles,  and  precision  posi¬ 


tioning  were  provided  for  the  SQQ14  minehunting  sonar 
evaluation  study  conducted  off  Charleston,  South  Carolina. 
The  pre-experiment  environmental  assessments 
demonstrated  the  considerable  variability  in  bottom 
character  encountered  at  this  location. 

Future  shallow-water  efforts  will  include  geological  in¬ 
vestigation  of  areas  where  high-frequency  scattering  ex¬ 
periments  will  be  conducted.  Improved  survey  techniques 
will  also  be  developed. 

Summary 

Many  of  the  most  important  direct  applications  of 
marine  geology  support  within  the  Navy  research  structure 
are  in  fields  of  underwater  acoustics  and  engineering.  As 
new  or  improved  systems  are  developed,  the  Navy  will 
continue  to  require  a  better  understanding  of  the  exten¬ 
sive  seafloor  environment  and  the  ocean  in  which  it 
operates.  Marine  geology  programs  within  NORDA  ad¬ 
vance  the  Navy’s  fundamental  and  applied  knowledge  of 
geology  to  meet  current  and  future  Navy  requirements. 


Figure  4-  NORDA  scientist  preparing  side  scan  sonar  mosaic 
of  sea  floor. 
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Geophysics  Probes  the  Seafloor/Subseafloor 

Environment 

Joseph  F.  Gettrust  and  David  W.  Handschumacher 
Seafloor  Geosciences  Division 

Abstract 

The  marine  geophysics  program  at  NORDA  focuses  on  geomagnetic/plate 
tectonics  and  seismic  research.  These  research  efforts  span  the  spectrum  from 
developing  a  basic  understanding  of  earth  processes  to  supporting  advanced  system 
development.  Broadly  stated,  the  research  projects  are  directed  toward  providing 
the  Navy  with  a  better  understanding  of  how  the  sea  floor  and  subbottom  affect 
sound  propagation,  as  well  as  defining  the  source  and  spatial  and  temporal  variabili¬ 
ty  of  potential  fields  and  the  effects  of  these  features  on  Navy  systems  and 
operations. 


Introduction 

NORDA ’s  charter  is  to  address  the  marine  environ¬ 
ment  and  its  impact  on  the  Fleet.  To  address  problems 
of  immediate  concern  (e.g.,  detection  of  seamounts)  and 
environmental  issues  that  impact  longer  range  needs  (e.g., 
very  low  frequency  antisubmarine  warfare  surveillance), 
the  marine  geophysics  activities  focus  on  geomagnetism/ 
plate  tectonics  anJ  seismic  research. 

The  development  of  methods  by  which  to  predict  the 
topography  and  geoacoustic  properties  of  the  bottom  in 
areas  where  direct  measurements  cannot  be  easily  made 
critically  depends  upon  the  fundamental  understanding  of 
past  and  present  dynamic  processes  within  the  solid  earth. 
Following  World  War  II,  the  Office  of  Naval  Research 
supported  marine  geophysical  research  at  a  level  that  led 
to  significant  breakthroughs  in  our  knowledge  of  the  earth. 
This  work  led  to  the  syllogism  of  plate  tectonics,  a  model 
for  tectonic  processes  that  explains  the  gross  structure  of 
the  ocean  basins  and  continental  margins.  One  of  the 
aspects  most  critical  to  the  development  of  this  model  is 
the  concept  of  seafloor  spreading  in  which  marine  magnetic 
anomaly  lineations  could  be  related  to  the  age  of  the 
oceanic  crust.  Ultimately,  this  model  makes  it  po.ssible  to 
predict  in  a  systematic  manner  the  bottom  topography, 
sediment  type  and  structure  and,  thus,  the  gro.ss  distribu 
tion  of  geoacoustic  properties  of  the  sea  floor. 


Discussion 

Geomagnetism/plate  tectonics  program 

In  1979  NORDA  established  a  basic  research  program 
to  further  investigate  the  geology  and  geomagnetism  of 
ocean  basins  within  the  framework  of  plate  tectonic  theory. 
The  program's  objectives  are  broad-based  and  address  fun¬ 
damental  questions  concerning  the  origin  and  nature  of 
seafloor  structure,  magnetism  and  tectonism  (Fig.  1).  The 
research  approach  is  empirical  and  predicated  on  field  in¬ 
vestigations  that  involve  airborne  and  shipbornc  deep- 
tow/surface-tow  magnetic  surveys. 

One  of  the  first  areas  identified  for  an  extensive 
aeromagnetic  survey  effort  was  the  western  Pacific.  The 
seafloor  structure  in  this  region  is  anomalously  complex. 
Numerous  deep  basins  are  seen  to  be  transected  or  bound¬ 
ed  by  oceanic  rises,  plateaus,  troughs,  and  ridges.  In  addi¬ 
tion,  the  area  contains  an  unusually  large  number  of  sea¬ 
mounts,  which  occur  in  linear  chains,  amorphous  groups, 
and  isolated  settings.  Prior  attempts  to  develop  a  coherent 
tectonic  model  for  the  evolution  of  these  structures  had 
been  hampered  by  the  presence  of  a  regional  magnetic 
“quiet  zone"  (Fig.  1). 

According  to  a  widely  accepted  hypothesis,  sea  floor 
underlying  this  quiet  /.one  and  other  quiet  /ones  marginally 
located  over  coeval  crust  of  the  North  Atlantic  and  In¬ 
dian  Ocean  basins  was  formed  during  the  mid-  to  late 
Jura,s.sic  (approximately  150  to  180  million  years  age) 
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Figure  1.  This  figure  schematically  illustrates  the  empirical  approach  taken  by  NORDA 's  geomagnetism  and  plate  tectonics 
program  in  addressing  fundamental  questions  concerning  seafloor  structure,  magnetism,  and  tectonism.  Examples  of  research 
operations  discussed  in  the  text  are  presented  and  experiment  sites  located  with  respect  to  seafloor  age. 


period  of  constant,  i.e.,  nonreversing,  geomagnetic  field 
behavior.  Interpreted  as  such,  the  Jurassic  quiet  zones 
(JQZs)  represent  blank  sections  in  the  marine  magnetic 
record  within  which  detailed  study  of  the  earliest  spreading 
history  of  these  oceans  is  precluded  by  the  absence  of 
crustal  isochron  control  provided  by  magnetic  reversal 
anomalies. 

Shipboard  and  deep-tow  magnetometer  records, 
however,  had  provided  tenuous  evidence  that  at  least  the 
youngest  portions  of  the  JQZs  contain  short  wavelength 
( <  SO  km),  reversal-type  anomalies,  which  could  be  related 
to  seafloor  spreading  during  a  period  of  frequency  reversals 


rather  than  a  period  of  constant  polarity.  This  conclusion, 
if  valid  for  older  portions  of  the  JQZs,  would  significant¬ 
ly  impact  not  only  tectonic  studies  of  the  JQZ  regions, 
but  also  studies  seeking  to  define  the  chronology  and 
mechani.sm  of  the  earth's  magnetic  field  reversals.  A 
primary  goal  of  NORDA  s  western  Pacific  (WESTPAC) 
aeromagnetic  operations  was  to  regionally  test  the  frequent 
reversal  model  for  the  origin  of  the  JQZs  by  determining 
whether  or  not  seafloor  spreading  lineations  can  be  resolved 
in  the.sc  regions. 

During  WESTPAC  operations,  NORDA  collected  over 
!(K),(XX)  nm  of  low-altitude  (1{XX)-2(XX)  feet)  aeromagnetic 


I7C 


Geosciences 


measurements  in  sparsely  surveyed  areas  of  the  western 
Pacific  aboard  P-3  Orion  aircraft.  Much  of  this  data  was 
collected  during  flight  operations  specifically  targeted  to 
search  for  linear  anomalies  in  the  JQZ. 

The  search  was  an  unqualified  success.  A  well-defined 
sequence  of  low  amplitude  (10-50  nT),  short  wavelength 
(10-40  km)  anomalies  was  identified  in  the  JQZ  east  of 
the  Mariana  Trench.  Interpreted  to  be  of  the  seafloor 
spreading  variety,  these  magnetic  anomalies  have  been  used 
as  the  criteria  for  extending  the  geomagnetic  reversal  time 
scale  backward  in  time  to  the  earliest  stages  in  the  evolu¬ 
tion  of  the  Pacific,  Atlantic,  and  Indian  Oceans  (Fig.  2). 

The  success  of  the  WE5TPAC  operations  provides  in¬ 
centive  and  precise  criteria  for  re-examining  the  magnetic 
morphology  of  JQZs  elsewhere.  While  the  Pacific  data 
are  significant,  a  global  correlation  of  the  Pacific  anomaly 
sequence  would  make  the  frequent  reversal  hypothesis  for 
the  origin  of  the  JQZs  more  conclusive.  In  addition,  if 
these  anomalies  are  to  be  used  for  detailed  tectonic  studies, 
mapping  programs  must  be  initiated.  It  should  be  noted 
that  the  Pacific  anomalies  were  mapped  in  a  region  where 
the  crust  is  inferred  to  have  formed  at  a  relatively  high 
spreading  rate  ( ~  10  cm/yr).  Crust  formed  at  slower 
spreading  rates  will  produce  a  less  resolvable  magnetic 
signature  because  individual  polarity  bands  within  the  crust 
will  be  narrower.  In  the  North  Atlantic,  for  instance,  model 


studies  based  on  the  predicted  spreading  rate  of  less  than 
3  cm/yr  indicate  that  it  will  not  be  possible  to  resolve  the 
predicted  anomaly  record  in  the  JQZ  with  airborne  or 
shipborne  surface-tow  magnetic  surveys  (Fig.  3).  However, 
the  predicted  anomaly  pattern  would  be  easily  resolvable 
with  a  magnetometer  towed  at  mid-depths  (3(XX)  m).  For 
this  reason,  we  plan  to  conduct  a  specialized  deep-tow 
magnetometer  operation  off  the  east  coast  of  the  United 
States  to  test  the  frequent  reversal  model  for  the  JQZ. 
If  successful,  this  operation  will  show  that  detailed  isochron 
information,  which  is  critical  to  deciphering  the  initial  rift¬ 
ing  processes  that  produced  the  Atlantic  ocean  basin,  ex¬ 
ists  and  is  resolvable  in  the  JQZs. 

The  WESTPAC  operations  also  provided  scientists  with 
an  opportunity  to  field  test  the  application  of  aeromagnetic 
surveys  to  locate  such  uncharted  bathymetric  structures 
as  seamounts  (which  produce  a  characteristic  geomagnetic 
signal  that  can  be  resolved  during  low-altitude  airborne 
magnetic  surveys).  This  effort  addressed  the  Navy's  con¬ 
tinuing  requirement  to  detect  and  chart  seamounts  within 
its  operational  areas.  In  extreme  cases,  these  seamounts 
can  be  hazardous  to  surface  or  submarine  navigation.  More 
often,  they  represent  significant  environmental  features 
that  can  adversely  affect  sensor/weapons  systems.  The  in¬ 
troduction  of  deeper  running  submarines  with  increased 
operational  ranges  has  expanded  this  requirement  to  large 
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Figure  3-  Predicted  North  Atlantic  JQZ  crustal  magnetic  polarity  model  based  on  Pacific  data  with  synthetic  anomaly  profiles 
generated  at  sea  level  and  at  a  depth  of  3000  m.  These  profiles  demonstrate  the  requirement  for  deep  tow  magnetometer 
operations  to  resolve  the  predicted  JQZ  anomalies  in  the  North  Atlantic  JQZs. 


ocean  areas  where  only  reconnaissance  grade  bathymetry 
is  available.  One  area  of  particular  concern  is  the  western 
Pacific.  This  region  contains  an  anomalously  high  number 
of  randomly  distributed  seamounts.  Outside  localized  areas 
that  have  been  bathymetrically  surveyed  in  detail,  the  prob¬ 
ability  is  high  of  encountering  uncharted  seamounts  or 
seamounts  that  shoal  at  depths  less  than  those  reported. 

During  WESTPAC  OPS79,  aeromagnetic  survey  data 
was  used  to  predict  the  existence  of  three  large,  uncharted 
seamounts  near  Wake  Island.  Subsequent  bathymetric 
surveys  conducted  by  the  Hawaii  Institute  of  Geophysics 
(HIG)  under  NORDA/ONR  sponsorship  confirmed  the 
aeromagnetic  results.  One  seamount  was  found  to  rise  over 
4000  m  above  the  surrounding  sea  floor  and  shoal  at  a 
depth  of  less  than  1200  m  (Fig.  4).  Subsequent  flight  opera¬ 
tions  were  used  to  field  test  the  potential  application  of 
aeromagnetic  surveys  to  validate  predicted  sites  of  un¬ 
charted  seamounts  derived  from  SEASAT  radar  altimetry 
data.  Although  numerous  sites  were  overflown,  only  one 
yielded  an  apparent  magnetic  confirmation  for  the 
SEASAT  prediction  (Fig.  '3). 

The  western  Pacific  represents  an  area  where  the 
understanding  of  the  gross  structure,  age,  and  evolution 
is  still  a  significant  issue.  By  contrast,  these  aspects  of  plate 
reconstruction  are  no  longer  a  first  priority  i.ssue  in  the 
South  Atlantic.  NORDA  scientists  are  using  geomagnetic 
data  from  the  South  Atlantic  (SOUTHLANT  GEOCOR¬ 
RIDOR  OPS)  to  address  more  detailed  questions.  Bccau.se 


the  gross  tectonic  history  of  the  South  Atlantic  basins  is 
well  understood,  it  will  be  possible  to  take  the  detailed 
information  from  the  geocorridor  and  extrapolate 
parameters  of  interest  to  the  Navy  to  the  whole  of  the 
South  Atlantic  basin. 

Seismology  program 

NORDA’s  seismology  program  complements  the 
geomagnetic/plate  tectonics  effort  by  measuring  geoacoustic 
properties  in  regions  of  Navy  interest  (Fig.  6).  The  design 
and  location  of  seismic  experiments  is  often  predicated 
on  earth  models  derived  from  geomagnetic  observations. 

NORDA’s  seismic  program  is  relatively  young;  the  first 
major  seismic  refraction/reflection  field  program  was  con¬ 
ducted  in  1979  when  NORDA  scientists  participated  in 
the  Rivera  Ocean  Seismic  Experiment  (ROSE).  This  ex 
periment  was  unique  in  that  essentially  every  major  marine 
geophysics  group  in  the  United  States  participated.  The 
goal  of  this  project  was  to  investigate  the  struaure  of  young 
oceanic  crust  near  the  East  Pacific  Rise  using  the  seismic 
refraction  technique.  More  than  80  ocean  bottom  seismo¬ 
graphs  (OBSs)  recorded  both  explosive  “shots"  fired  from 
ships  and  earthquakes  generated  by  the  spreading  of  the 
oceanic  crust.  The  indirect  sampling  of  the  evolving  oceanic 
crust  is  of  interest  to  the  Navy  because  very  low  frequen¬ 
cy  acoustic  waves  (roughly  5  to  30  Hz)  might  become 
important  to  ASW  surveillance,  and  acoustic  signals  at 
these  low  frequencies  interact  with  the  oceanic  crust. 
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Figure  4-  This  figure  graphically  illustrates  the  detection  of  uncharted  seamounts  using  aeromagnetic  observations.  The  large 
(1600  nT)  magnetic  anomaly  shown  in  this  figure  was  used  to  predict  the  existence  of  a  large,  uncharted  seamount  near 
Wake  Island.  This  prediction  was  confirmed  by  the  Hawaii  Institute  of  Geophysics,  which  ran  bathymetric  profiles  over  what 
is  now  known  as  SEASCAN  seamount.  An  artist 's  conception  of  the  seamount 's  bathymetry  derived  from  the  Institute 's 
data  is  shown. 
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Figure  5.  WESTPAC  aeromagnetic  contour  map  (flight  tracks 
dashed  lines),  which  provides  independent  confirmation  of  a 
SEASAT  radar  altimetry  predicted  site  for  an  uncharted 
seamount. 

Interpretations  made  of  the  crustal  structure  and 
seismicity  in  the  ROSE  area  show  that  the  oceanic  crust 
structure  is  heterogeneous,  that  seismic  (acoustic)  veloci¬ 
ty  anisotropy  in  the  upper  mantle  (which  underlies  the 
crust)  is  nil,  and  that  measurable  changes  in  the  seismic 
velocities  exist  within  the  crust  over  the  age  range  from 
0.5  to  4.5  million  years. 

NORDA  seismologists  also  played  a  role  in  evaluating 
subbottom  borehole  seismic  systems.  The  thrust  of  this 
program  was  to  evaluate  marine  borehole  instruments  as 
sensors  to  verify  compliance  with  future  test  ban  treaties 
and  for  ASW  surveillance.  Preliminary  results  from  a  1982 
borehole  instrument  experiment  off  the  Kamchatka  Penin¬ 
sula  suggest  that  the  signal-to-noise  ratio  of  the  borehole 
instruments  might  be  significantly  better  (20  dB  in  cer¬ 
tain  frequency  bands)  than  those  found  for  conventional 
OBSs  and  bottom-mounted  hydrophones.  This  improved 
signal-to-noise  ratio  could  impact  the  design  of  future  ASW 
systems. 

In  a  similar  experiment  carried  out  in  the  South  Pacific, 
the  Marine  Seismic  System  borehole  instrument  produced 
similar  results.  Further  research  efforts  will  be  directed 
toward  Navy  applications. 

Although  the  structure  of  the  oceanic  crust  beneath 
the  deep  oceans  might  be  of  long-range  interest  to  the 


Navy,  bottom  and  subbottom  acoustic  wave  interaction 
is  presently  of  considerably  greater  importance  in  shallow 
water  (the  continental  shelf).  NORDA  is  currently  carry¬ 
ing  out  a  very  low  frequency  acoustic/seismic  special  focus 
project  in  which  the  energy  partitioning  between  the  water 
column  and  solid  earth  is  being  studied.  During  the  first 
very  low  frequency  field  program  (June  1985  on  the  con¬ 
tinental  shelf  off  Cape  Fear,  North  Carolina),  acousticians 
and  seismologists  from  NORDA  measured  the  acoustic 
signal  and  noise  distribution  within  the  water  column,  com¬ 
pared  the  signal-to-noise  ratio  of  solid  earth  path  and  pure 
water  path  signals,  and  related  these  observations  to  the 
geologic  structure  of  the  subbottom  (Fig.  7).  By  combin¬ 
ing  the  expertise  of  acousticians  and  seismologists  in  a 
single  experiment,  the  propagation  characteristics  of  very 
low  frequency  acoustic  signals  can  be  related  to  earth  struc¬ 
ture  of  a  passive  continental  margin:  this  relationship  makes 
it  possible  to  better  predict  geoacoustic  properties  in  similar 
geologic  environments. 

Another  focus  of  NORDA 's  seismology  program  is  the 
Deep  Towed  Array  Geophysical  System  (DTAGS),  which 
was  developed  by  NORDA  engineers  (Fig.  8).  DTAGS 
is  a  multichannel  seismic  system  similar  to  those  used  with 
great  success  in  petroleum  exploration.  The  array  can  be 
towed  at  full  ocean  depths,  which  allows  NORDA  scien¬ 
tists  to  investigate  the  structure  of  deep-water  marine 
sediments  in  significantly  greater  detail  than  with  conven¬ 
tional  systems  previously  used.  Estimates  of  the  acoustic 
impedance  and  attenuation  of  the  sea  floor  and  subbot 
tom  at  midrange  (300-600  Hz)  frequencies,  and  the  spatial 
variability  of  these  properties  will  significantly  improve 
the  accuracy  and  predictive  power  of  the  Navy's 
geoacoustic  models. 

Engineering  field  tests  of  DTAGS  were  completed  in 
September  1984.  During  this  field  exercise,  seismic  pro¬ 
files  were  taken  south  of  Bermuda  (Fig.  9);  these  profiles 
are  the  first  “geophysics"  data  collected  with  DTAGS. 
Data  from  this  cruise  has  been  used  to  make  a  preliminary 
seismic  section  of  the  sediment  structure  in  4900  m  of 
water  south  of  Bermuda.  We  now  know  that  with  a  com¬ 
plete  24-channel  seismic  data  set  taken  at  16-m  intervals 
along  the  profile,  it  will  be  possible  (for  the  first  time) 
to  obtain  excellent  in  situ  compressional  velocity  estimates 
in  the  upper  several  hundred  meters  of  sediments  at  full 
ocean  depths.  The  dense  sampling  made  possible  with 
DTAGS  will  make  it  possible  to  develop  a  viable  statistical 
model  for  the  spatial  variability  of  sediment  properties  in 
that  environment. 

Modeling  of  seismic  propagation  within  complex  sedi¬ 
ment  structure  is  being  carried  out  in  cooperation  with 
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FIELD  INVESTIGATIONS:  SEISMOLOGY/GEOACOUSTICS 


Figure  6.  This  figure  schematically  illustrates  the  research  efforts  and  regions  in  which  NORDA 's  seismologists  have  con 
ducted  field  projects.  The  ocean  bottom  seismograph,  borehole  seismic,  and  deep-towed  multichannel  seismic  systems  are  em 
phasized  in  the  text. 


the  University  of  Houston.  There.  Seismic  Acoustic 
Laboratory  scientists  have  developed  facilities  where  small- 
scale  analogs  of  the  marine  sediment  column  can  be  con¬ 
structed  and  used  to  test  seismic  propagation  through 
known,  complex  earth  models. 

Marine  geophysics  scientists  are  also  engaged  in  the  ap¬ 
plication  of  existing  fleet  sonars  to  mapping  the  seafloor 
morphology  and  geoacoustic  properties  in  areas  of  Navy 
interest.  This  program  (SWATHMAP)  comple  ments  our 
cooperative  effort  with  Texas  A&M  University  to  develop 
and  implement  the  next  generation  of  quantitative  side- 
scan  sonar  sy.stems. 

Summary 

Geomagnetism/plate  tectonics  and  seismology/ 
geoacoustics  research  at  NORDA  emphasizes  the  measure¬ 


ment  of  environmental  properties  of  interest  to  the  Navy. 
The  programs  complement  other  ongoing  research  efforts 
of  NORDA,  academia,  and  other  governmental  labora¬ 
tories.  The  emphasis  of  cooperative  research  efforts  is  in 
recognition  of  the  fact  that  a  multidisciplinary  approach 
to  marine  studies  will  enhance  our  ability  to  study  the 
complex  marine  environment,  and  to  refine  earth  models 
to  the  degree  required  to  meet  current  and  potential  Navy 
needs. 
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The  Prediction  of  Geoacoustic /Geotechnical 

Properties 

Philip  Valent,  Douglas  Lambert,  Dawn  Lavoie,  and  Huon  Li 
Seafloor  Geosciences  Division 

Abstract 

Geotechnical  activities  within  NORDA  include  fundamental  studies  of  marine 
sediment  behavior  under  various  loading  conditions,  including  acoustic  over¬ 
pressures.  Development  efforts  leading  to  specialized  probes  and  remote  tech¬ 
niques  for  measuring  geoacoustic/geotechnical  properties  are  integral  aspects  of 
the  research.  Support  services  in  preparing  geoacoustic/geotechnical  environmental 
models  and  site  assessments  for  Navy  users  are  important  projects  by  NORDA 
researchers.  Studies  addressing  the  fundamental  nature  of  submarine  sediments 
are  essential  basic  research  efforts. 


Introduction 

NORDA  scientists  conduct  basic  and  applied  research 
to  improve  understanding  of  the  acoustic  and  geotechnical 
properties  of  marine  sediments  and  shallow  rock,  and  the 
variation  of  these  properties  with  change  in  source  material 
and  environment.  Geotechnologists  also  provide  environ¬ 
mental  support  to  other  research,  development,  and  test 
and  evaluation  efforts,  in  the  form  of  predictions  and  in 
situ  measurements  of  seabed  sediment  acoustic  and  geo¬ 
technical  properties,  profiles,  and  lateral  variability.  These 
research  and  support  functions  are  accomplished  in  the 
field  and  in  the  laboratory  by  using  a  suite  of  NORDA- 
designed  and  -built  advanced  sensors  and  probes.  This  ar¬ 
ticle  describes  research  efforts  directed  toward  understand¬ 
ing  marine  sediment  properties  and  some  of  the  tools 
developed  for  this  effort. 


devices  for  measuring  in  situ  sediment  properties  and  to 
extend,  in  detail,  earlier  models.  NORDA  is  attempting  to 
theoretically  describe  the  impact  of  probe  insertion  on  the 
sediment  and  on  the  measured  sediment  properties.  These 
predictions  are  being  verified/calibrated  against 
measurements  made  from  the  prototype  probe  shape/con¬ 
figuration  in  the  laboratory  and  in  the  field.  Measurements 
of  excess  pore  water  pressures  generated  by  probe  inser¬ 
tion  have  been  and  are  being  obtained  in  the  laboratory 
and  in  the  field  and  compared  to  theoretical  predictions 
(Bennett  et  al.,  1985b,  and  Riggins  et  al.,  1985;  Fig.  1), 
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Discussion 

Basic  and  applied  research 

Marine  geotechnologists  are  relative  newcomers  to  the 
NORDA  community  and  as  such  are  first  developing  a 
basic  research  program.  A  special  interest  is  in  develop¬ 
ing  an  improved  understanding  of  the  geoacoustic  and 
geotechnical  behavior  of  marine  gravels  and  carbonate 
sediments  with  near-term  empha.sis  on  continental  shelf 
carbonates.  Also  under  study  are  the  sediment  changes 
and  deformation  caused  by  the  insertion  of  probe-type 
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with  good  success  to  date  in  one  reconstituted  ocean  sedi¬ 
ment  and  three  in  situ  “undisturbed”  sediment  tests.  This 
work  is  being  extended  to  include  identification  and 
development  of  techniques  to  determine  the  impact  of 
probe  insertion  on  measured  sediment  electrical  conduc¬ 
tivities  and  compression  and  shear  wave  velocities. 

Geoacoustic/geotechnical  sensor  development 

Improved  and  new  laboratory  and  field  sensor  tech¬ 
nology  that  can  be  applied  to  help  the  Navy  accomplish 
its  mission  are  being  identified  and  evaluated.  Currently, 
research  centers  around  developing  acoustic  subbottom 
survey  systems,  probe-type  in  situ  measurement  systems, 
and  improved  laboratory  test  equipment  and  techniques. 

NORDA  has  contracted  for  the  development  of  a  soft¬ 
ware  subsystem  to  be  integrated  with  a  Honeywell-ELAC 
acoustic  sediment  classifier.  The  system  integrates  the 
reflected  acoustic  energy  per  unit  time  from  the  subsea¬ 
bed  after  insonification  at  either  1 5  kHz  or  30  kHz  and 
uses  this  measure  of  reflected  energy  to  broadly  classify 
the  sediment  type  (Fig.  2).  First  tests  of  this  acoustic  sedi¬ 
ment  classifier  indicate  that  while  the  system  can  readily 
identify  the  transition  between  two  sediment  types,  it  can¬ 
not  classify  sediments  without  ground-truth  from  cores 
or  in  situ  probe  measurements  from  the  subseabed.  Field 
evaluation  of  the  acoustic  sediment  classifier  continues 
while  complementary  technologies  are  being  explored  to 
determine  the  feasibility  of  augmenting  the  acoustic  reflec¬ 


tivity  data  with  other  remotely  measured  data  to  produce 
a  more  reliable  remote  sediment  classification. 

NORDA  has  a  number  of  probe  types  in  various  stages 
of  development  for  measuring  in  situ  the  properties  of  sea¬ 
floor  sediments.  The  geoacoustic/geotechnical  probe  devel¬ 
opment,  laboratory  testing,  and  fielding  (at  sea)  activities  are 
strong  in-house  capabilities.  Efforts  include  not  only  the 
electronics  and  mechanical  design  functions  to  engineer 
durable,  yet  precise  systems,  but  also  the  technical  evalua¬ 
tions  to  properly  relate  the  data  measured  to  the  mech¬ 
anisms  of  soil  behavior.  Perhaps  the  most  developed  of 
these  probes  is  the  differential  pore  pressure  system 
developed  for  the  Department  of  Energy's  (DOE)  Seabed 
Disposal  Program  (SDP).  The  instrument  measures  sedi¬ 
ment  differential  pore  pressures  to  a  precision  of  ±0.3 
kPa  (±  0.05  psi)  at  ambient  pressures  to  70  MPa  (10,000 
psi)  (Bennett  et  al.,  1985a;  Fig.  3).  The  Department  of 
Energy  has  supported  the  development  of  this  piezometer 
probe  to  measure  the  pore  water  pressure  gradients,  which 
will  result  from  an  experimental,  recoverable,  long-term 
heat  source  to  be  placed  in  the  sediments.  The  test  will 
model  the  influence  of  the  thermal  and  pore  water  pressure 
fields  generated  by  a  buried  canister  containing  high-level 
radioactive  waste,  and  will  provide  high-quality  field  data 
to  be  used  in  validating  predictive  computer  codes  being 
used  in  the  SDP.  Calibration  of  the  differential  pressure 
transducers  used  in  the  SDP  work  has  required  in-house 
development  of  a  calibrator  unit  (Fig.  4)  to  be  used  in  con¬ 
junction  with  NORDA ’s  high-pressure  test  facility. 
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Figure  3  Deep  water  differential  pore  pressure  probes  in 
various  stages  of  assembly. 

The  sediment  conductivity  protx-  is  also  a  well -developed 
system  that  is  used  to  provide  direct  measurements  ol  sc-di 
ment  electrical  conductivity  for  mine  countermeasures 
assessment.  The  probe  provides  an  indirect  measure  ol 
sediment  porosity  and  cla.ssification  and.  to  some  extent 
sediment  consistency  (shear  stren^tth).  The  sensin.t;  ele 
ment  of  the  conductivity  probe  is  wedye  shaped  to 
minimize  driving  resistance  with  fttur  needle-like  electrtKles 
protruding  in  advance  of  the  wedge  (Fig.  ‘i).  The  elec 
trode  design  is  based  on  the  Wenner  spread  electrode  con 
figuration  (Griffiths  and  King.  1965)  commonly  used  in 
geophysical  exploration.  This  probe  design  has  been  ap 
plied  to  a  1.50  mm  (5  inch)  diameter  probe  driven  to  12 
m  penetrations  by  a  vibrocorer  (Hulbert  et  al..  19S1 ).  and 
to  a  diver -embedded,  self-contained  probe  carrying  the  elix' 
trodes  in  a  small  wedge  mounted  on  a  10  mm  ('  » inch) 
diameter.  O.^-m-long  shaft.  1  his  in  situ  condiu  tivitv/prrosi 
ty  measuring  technique  provides  the  best  means  tor  deter 
mining  in  situ  porosities  and  densities  ot  cohesionless 
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sediments,  i.e.,  gravels,  sands  and  many  silts,  when  per¬ 
forming  research  or  test  and  evaluation  studies.  A  few 
cores  are  normally  taken  in  conjunction  with  the  in  situ 
conductivity  measurements  to  identify  infrequent,  but 
possible,  mis'lassifications  from  the  conductivity  data— 
e.g.,  stiff,  overconsolidated  clays  may  be  classified  as  silts 
or  sands  when  operating  without  benefit  of  ground-truth 
data.  Development  of  the  conductivity  probe  has  permitted 
bridging  a  gap  in  in  situ  measurement  technology— that 
of  obtaining  reliable  measurements  of  in  situ  density/porosi¬ 
ty  in  cohesionless  sediments.  Such  measurements  were 
formerly  made  on  gravity  or  diver  push  cores  of  the 
sediments;  density  measurements  on  cores  of  cohesionless 
sediment  have  been  shown  to  yield  unreliable  density  and 
porosity  measurements  (Bailard,  1982). 

NORDA  geotechnologists  have  developed  diver  operated 
probes  for  measuring  compressional  and  shear  wave 
velocities.  These  probes  are  used  in  sets  of  three  (Fig.  6) 
with  one  end  probe  used  to  produce  the  source  signal  and 
the  other  two  used  to  measure  the  difference  in  acoustic 
wave  arrival  time  at  each  probe.  The  shear  wave  probes 
use  a  bimorph-type  transducer  element  to  enhance 
sediment-sensor  coupling  in  the  soft  and  loose  surficial 
seafloor  sediments.  These  probes  are  being  used  to  examine 
the  near-surface  variability  of  sediment  sound  velocities 
to  better  understand  high-frequency  scattering  phenomena. 

The  bimorph  transducer  element  has  also  been  incor¬ 
porated  in  the  specimen  end  caps  of  the  Hamilton  frame 
(Brunson,  1983)  and  used  to  measure  shear  wave  velocities 
on  soft  sediments  in  the  laboratory.  Studies  are  now  under- 
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way  to  improve  our  understanding  of  shear  wave  velocity 
and  velocity  anisotropy  variations  in  carbonate  sediments 
using  specimens  collected  on  Leg  101  of  the  Ocean  Drill¬ 
ing  Project.  Additional  development  work  with  the 
bimorph  shear  wave  transducers  is  proposed  to  improve 
their  ease  of  operation  and  to  systemize  their  operation 
to  enhance  the  repeatability  of  the  measured  data.  Further 
work  with  the  shear  wave  transducers  has  shown  that  a 
number  of  wave  arrivals  exist;  study  of  the  full  set  of 
generated  and  received  waves  is  proposed  to  clearly 
delineate  the  transducer  performance  and  to  help  identify 
possible  improvements,  to  identify  possible  improvements 
in  the  test  frame,  and  to  identify  the  optimum  test  specimen 
geometry  for  shear  wave  velocity  determinations. 

The  remote,  in  situ  probe,  and  laboratory  geoacous¬ 
tic/geotechnical  sensors  developed  by  geotechnical  person¬ 
nel  are  all  targeted  toward  improving  our  understanding 
of  the  fundamental  properties  and  variability  of  seafloor 
sediments  and  toward  improving  our  ability  to  rapidly 
delineate  that  variability  laterally  and  vertically. 

Environmental  support 

Another  important  role  of  the  geotechnical  scientists 
is  to  provide  geoacoustic/geotechnical  environmental  sup¬ 
port  to  other  NORDA  researchers  and  to  other  Navy 
laboratories  and  contractors.  This  seafloor  environmen¬ 
tal  work  normally  requires  gathering  a  complete  description 
of  the  geologic  environment  from  the  literature  (particular¬ 
ly  from  Deep  Sea  Drilling  Project  reports),  reviewing  the 
open  data  bases  and  those  held  by  the  Naval  Oceanographic 
Office  and,  when  possible,  reviewing  offshore  well-drilling 
logs  sometimes  available  from  the  petroleum  companies 
or  from  the  U.S.  Geological  Survey.  This  information  is 
assembled  and  used  to  prepare  a  geologic  map  and 
stratigraphic  profiles  of  the  area  of  interest— a  test  site 
a  few  miles  on  a  side  or  an  entire  ocean  basin  (Fig.  7). 
Densities  and  sound  velocities  are  then  obtained,  if 
available,  from  nearby  drillhole  logs  or  geophysical  records 
or.  in  lieu  of  data,  the  densities  and  sound  velocities  are 
estimated  using  available  relationships  (Hamilton,  1980). 
Development  work  continues  to  improve  understanding 
of  the  sediment  contribution  to  acoustic  bottom  interac¬ 
tion  and  the  performance  of  analytical  models  developed 
to  describe  acoustic  bottom  interaction. 


Summary 

NORDA  marine  geotechnical  scientists  perform  basic 
and  applied  research  in  the  geoacoustic  and  geotechnical 
areas.  They  design,  fabricate,  test,  and  use  in  the  laboratory 
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Figure  7.  Representative  geoacoustic  model. 


and  field  a  number  of  special-purpose  sensors  and  probes. 
These  sensors  allow  the  measurement  of  soil  behavior  from 
the  infinitesimal  strains  of  acoustic  stress  levels  to  the  large 
strains  of  engineering  stress  levels  associated  with  mine 
impact  burial  and  sediment  mass  movement.  This  effort 
in  the  development  and  understanding  of  sensor  perform¬ 
ance  is  supported  by  a  moderate  basic  research  effort 
directed  toward  better  understanding  of  the  interaction 
between  sen.sors  (probe)  and  the  .sediments,  while  u.se  of 
the  sensors  in  the  field  provides  data  for  evaluating  per¬ 
formance/adequacy  of  a  number  of  Navy  and  Marine  Corps 
systems  interacting  with  the  sea  floor. 

In  addition  to  this  general  support  of  Navy  requirements, 
major  focus  has  been  directed  toward  improvement  of 
understanding  and  predictive  capability  of  the  properties/ 
Ix'havior  of  carbonate  sediments,  .shallow-  and  deep-water, 
and  of  gravels;  and  the  range  of  property  anisotropy  in 
seafloor  sediments,  the  fundamental  reasons  (or  the 
anisotropy,  and  its  impact  on  sediment  behavior.  These 
thrusts  are  directed  toward  providing  understanding  of 
in  situ  sediment  data  and  Irehavior  to  improve  the  Navy's 
capability  to  model  the  ocean  environment. 
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!  relatirm.  I()6tli  Meeting,  Acoustical  Society  oJ  America, 

'  .San  Diego.  California.  7-11  Novemlxx. 
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Filtents 


Patents  Granted  Since  1982 


Brunson,  B.  A.  (9/84).  Single  Element  Cantilever 
Mounted  Shear  Wave  Transducer,  4,471,475. 

Ferer,  K.  M.  (2/82).  Quatricalically  Laid  Torque- 
Balanced  Benthic  Cable,  4,317,000. 

Gholson,  N.  H.  (1/85).  A  Controller  for  a  Locked  Carri¬ 
er  Distributed  Multiplexed  Telemetry  System,  4,494,1 15. 

Marshall,  S.  W.  (10/83).  A  Generalized  Drifting 
Oceanographic  Sensor,  4,408,488. 

Perkins,  H.  T.  et  al.  (2/83).  Three-Axis  Current  Meter, 
4,391,136. 


Stiffey,  A.  V.  et  al.  (4/85).  Method  and  Apparatus  for 
the  Detection  of  Toxicants,  4,513,280. 

Sutherland,  A.  L.  (4/83).  Trawl  Resistant  Sensor  Mount, 
4,397,584. 

Sutherland,  A.  L.  (5/84).  Shallow  water  Environmen 
tal  Oceanographic  Measurement  System,  4,448,068. 

Swenson,  R.  C.  (11/82).  Self-deploying  Buoy  System, 
4,358,834. 

Swenson,  R.  C.  (8/85).  Safety  Mooring  Line,  4.534,262. 
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Major  Workshops 


Major  Participation  by  NORDA  in  Workshops, 
Seminars,  and  Symposia 


Date 

Subject 

In  conjunction  with 

1977  January  25-27 

Buoy  Technology  Workshop 

NOAA/MTS 

December  8-9 

Ocean  Sciences  Board 

NAS/NRC 

1978  April  25-27 

15th  Oceanographic  Subcommittee 

CANADA/US  MCC 

August  17-18 

Acoustic  Imaging  and  Data  Processing 

SEG/USN 

1979  September  5-7 

Interpretive  Modeling  of  Deep  Ocean  Sediments 

ONR 

October  9-11 

Satellite  Data  in  Ocean  Analysis  and  Prediction 

ONR 

November  6-8 

Near  Surface  Ocean  Experimental  Technology 

ONR 

November  13-15 

Describing  Ocean  Phenomena  using  Coherent  Radars 

ONR 

1980  January  22-23 

Kevlar  Cables  and  Rope 

— 

March  17-18 

Resolution  of  Signals  Reflected  from  the  Sea  Floor 

SEG/USN 

1982  March  22-23 

Shear  Waves  and  Pattern  Recognition 

SEG/USN 

October  12-15 

Seafloor  Stability  of  Continental  Margins 

SEPM 

1983  September  20-22 

Chemical  Variability  in  Ocean  Frontal  Areas 

U.  of  R.l. 

1984  January  24-26 

Ocean  Sciences  Meeting— New  Orleans 

AGU 

March  13-15 

3-D  Marine  Data 

SEG/USN 

1985  May  1-3 

Ocean  Data— New  Orleans 

MTS 

June  11-14 

Arctic  Oceanography 

CNOC 
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